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Abstract 
Producers in regions with intense broiler (Gallus gallus) production take advantage of the 
plant nutrients contained in broiler litter (BL) to enhance yields of forage grasses.  However, 
application of BL to pasture lands in karst regions, like the Ozark Highlands, can potentially 
reduce water quality if BL-derived contaminants enter surface or groundwater via runoff or 
drainage.  Additionally, BL applications stimulate carbon dioxide (CO2) release from the soil to 
the atmosphere and may contribute to global warming.  The objectives of this study were to 
determine long-term trends in runoff and soil leachate water quality and to evaluate soil 
respiration under natural precipitation from a Captina silt- loam soil (fine-silty, siliceous, active, 
mesic Typic Fragiudult) with a history of BL amendments under forage management amended 
annually with BL at three application rates (0, 5.6, and 11.2 Mg BL ha-1).  Runoff and leachate 
were collected for an 8-yr period and pH, electrical conductivity (EC), soluble plant nutrients 
(i.e., NO3-N, NH4-N, PO4-P, Ca, K, Mg, Na, and P), trace metals (i.e., As, Cd, Cr, Cu, Fe, Mn, 
Ni, Se, and Zn), and dissolved organic carbon were measured.  Similarly, soil respiration, 
temperature, and moisture were measured periodically for a 3-yr period.  Litter application 
increased (P < 0.01) average annual flow-weighted-mean (FWM) runoff Fe and leachate Na 
concentrations, while all other annual runoff and leachate concentrations and loads and 8-yr 
cumulative losses were unaffected (P > 0.05) by BL rate.  Eight-year cumulative runoff losses 
were < 1 % for all elements except Se, which ranged from 12 to 20 % of that applied in litter.  
Similarly, 8-year cumulative leaching losses of NH4-N, C, N, P, Mn, and Cu represented < 2%, 
while Se and Cd exceeded 100% of that applied in BL.  Soil respiration varied (P < 0.01) with 
BL rate, sample date, and year.  Litter increased respiration after application and again after rain 
events relative to the unamended control in all years.  Multiple regression indicated that 
respiration could be predicted using soil temperature at the 2-cm depth (T2cm) and the product of 
T2cm and soil volumetric water content (R2 = 0.52; P < 0.01).  Results indicate that pasturelands 
with a history of BL application may release BL-derived metals in runoff and drainage waters at 
concentrations harmful to health and that organic amendments, such as BL, can stimulate net 
release of CO2 from soil to the atmosphere, potentially negatively affecting atmospheric 
greenhouse gas concentrations. 
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Introduction 
 
Nationwide, the United States produced 8.4 billion broiler chickens (Gallus gallus) in 
2012.  Arkansas’ production of 1.0 billion birds in 2012 ranked third within the United States for 
number of birds produced (USDA-NASS, 2013).  Broiler production generates between 1.2 and 
1.7 Mg of boiler litter (BL) per 1000 birds (UADACES, 2014).  Consequently, Arkansas’ broiler 
industry produced 1.2 to 1.7 million Mg of BL in 2012, the majority of which was concentrated 
in northwest Arkansas in a region called the Ozark Highlands (Major Land Resource Area 116A; 
Scott and Ward, 2002; Brye et al., 2013). 
Broiler litter contains numerous plant nutrients, such as nitrogen (N) and phosphorus (P), 
and is land applied to pastures in the Ozark Highlands to enhance yields of tall fescue (Lolium 
arundinaceum Shreb.) and other forages.  In addition to water-soluble nutrients, BL also contains 
trace metals such as arsenic (As), cadmium (Cd), copper (Cu), lead (Pb), selenium (Se), and zinc 
(Zn).  Since BL is generally not incorporated into the soil during application, surface runoff 
during rain events has the potential to contaminate nearby surface waters.  Likewise, vertical 
movement of nutrients and metals within the soil profile could also contaminate groundwater 
through leaching. Additionally, land applied BL can stimulate carbon release from the soil to the 
atmosphere and has the potential to increase atmospheric greenhouse gas concentrations. 
The southern portion of the Ozark Highlands is characterized by well-developed karst 
made possible by the extensive presence of soluble carbonate rock (Scott and Ward, 2002).  As 
water moves over and through the carbonate rock, the rock slowly dissolves creating cracks, 
fissures, sink holes and caves.  Once created, these features can allow rapid preferential 
movement of surface water to groundwater.  This preferential movement makes groundwater 
susceptible to contamination from anthropogenic activities (MacDonald et al., 1976; Scott and 
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Ward, 2002; Graening and Brown, 2003; USDA-NRCS, 2006), such as surface application of 
BL to pasture soil.   
The Ozark Highlands, specifically northwest Arkansas, is also an area with increasing 
population.  In northwest Arkansas, populations in Benton and Washington Counties have 
increased 127 and 79%, respectively, between 1990 and 2010 (USCB, 2013a, b, c).  With 
population growth, the demand for water increases.  In order to maintain high water quality 
within the Ozark Highlands, the long-term effects of land-applied BL on surface runoff and 
subsurface leaching must be studied.    
Additionally, anthropogenic activities, including land application of BL (Jones et al., 
2005), can increase CO2 release to the atmosphere, thereby potentially increasing global 
warming (Forster et al., 2007) and promoting climate change (Trenberth et al., 2007).  Soil 
respiration, the combined release of CO2 from the soil originating from microorganisms and 
plant roots, is increased with amendments of BL to the soil (Roberson et al., 2008; Jones et al., 
2006; Jones et al., 2005; Adams et al., 1997).  Although models have used soil temperature and 
moisture to predict soil respiration, few researchers, if any, have attempted to identify if BL 
amendments should be addressed when using predictive models.  
A long-term project was initiated in 2002 at the University of Arkansas in Fayetteville to 
explore the long-term effects of BL amendments to soil with a history of litter applica tion in 
response to naturally occurring precipitation.  Two years of leaching data (Pirani et al., 2006; 
Pirani et al., 2007), one season of plant uptake data (Brye and Pirani, 2006), four years of runoff 
data (Menjoulet et al., 2009), five years of soil storage data (Daigh et al., 2009), and soil-arsenic 
adsorption characteristics data (McDonald et al., 2009) have been gathered as part of this on-
going study.  The project contained herein represents research activities initiated in 2002 and 
3 
 
focuses on summarizing temporal variations and linear trends in runoff and leaching losses of 
nutrients and trace metals as a function of BL application rate.  In addition, carbon cycling was 
evaluated by investigating BL application rate effects on soil respiration.  The results of this 
study will aide future researchers in mass balance analyses and evaluation of the fate and 
transport of BL-derived components. 
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Literature Review 
The Protein Industry 
The current business model utilized by the poultry industry incorporates vertical 
integration (USDA-NASS, 2002) and outsourcing to maximize profits (Martinez, 1999).  
Vertical integration controls all aspects of production, from egg laying, to hatching, to growing, 
to processing, and finally to transporting finished products to market.  Outsourcing is utilized as 
a risk management tool.  This organizational structure results in what is referred to as 
“complexes”.  A complex is a self-contained unit capable of all steps within the vertical process.  
Complexes intensify resources within relatively small geographic areas.  
Once hatched, broilers are housed in buildings where continuous monitoring and 
manipulation maximizes growth.  Each house contains a flock ranging in size from 22,000 to 
23,000 birds (Patterson et al., 1998).  Broiler house waste is commonly referred to as litter or 
broiler litter (BL).  Litter is a mixture of excreta, fecal material, feed, and a bedding material, 
usually saw dust or rice (Oryza sativa L.) hulls.  The nutrient content of litter makes it a useful 
organic soil amendment (Hileman, 1973; Patterson et al., 1998; Chamblee and Todd, 2002; Brye 
and Pirani, 2006).  Litter is land applied to pastures in the Ozark Highlands to enhance yields of 
tall fescue (Lolium arundinaceum Shreb.) and other forages. 
Consolidation within the poultry industry has grown to include other protein sources, 
such as pork and beef.  Acquisitions by companies utilizing vertical integration have resulted in 
expanded use of vertical integration into pork and beef industries.  Expanded use of vertical 
integration will result in more intensified use of resources within smaller geographic regions 
where pork and beef are produced.  Similar to the phenomenon of large quantities of litter being 
produced in relatively small geographic regions, vertical integration within the pork and beef 
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industries will intensify pork and beef waste production in ever-smaller regions of the nation.  
Additionally, the steadily growing poultry industry (Figure 1-1) will produce even more waste.  
These additional waste products and quantities will also need to be managed.  
 
Broiler Production 
Chickens that have been raised specifically for meat production are termed “broilers.”  
Nationally, the United States produced 8.4 billion broiler chickens in 2012.  This production was 
down 2 % from 2011.  However, the value of these birds was up 8 % from 2011 to $24.8 billion 
in 2012 (USDA-NASS, 2013).  The live weight of broilers produced also decreased 1 % from 
2011 to 2012 (USDA-NASS, 2013).  The broiler industry has sustained prolonged growth due 
primarily to consolidation and expanded production for many years (USDA-NASS, 2002; Figure 
1-1).   
Vertical integration within the poultry industry has intensified resources within relatively 
small geographic areas.  What use to be millions of small backyard flocks spread throughout the 
U.S. is now billions of birds produced by fewer than 50 agribusinesses in small regional zones 
(Martinez, 1999; USDA-NASS, 2002; Kemper et al., 2006).  Northwest Arkansas, eastern 
Oklahoma, and southern Missouri, collectively part of the Ozark Highlands ecological region, 
represent one of these zones of concentrated broiler production.  
Arkansas alone produced 1.0 billion birds in 2012 and ranked second in the United States 
for number of birds produced (USDA-NASS, 2013).  Washington County, Arkansas, produced 
112 million broilers in 2007, an increase of 2.2 % from 2002.  Benton County, Arkansas, 
produced 117 million broilers in 2007 (USDA-NASS, 2007).  
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Broiler Litter Production and Composition 
The chemical composition and production rates of BL are quite variable.  This variability 
is influenced by regional practices, company practices, type of storage, amount and type of 
bedding, feed and feed additives, type of flooring, and number of flocks raised between 
cleanouts (Kunkle et al., 1981; Patterson et al., 1998; Mitchell and Donald, 1999; Hatten et al., 
2001; Chamblee and Todd, 2002; Applegate et al., 2003; Garbarino et al., 2003).  In Mississippi, 
BL production rates were reported to vary based on the number of flocks produced between 
cleanouts, with five flocks (one year’s production) generating 1.2 Mg BL per 1000 birds and 10 
flocks (2 year’s production) generating 0.7 Mg BL per 1000 birds (Chamblee and Todd, 2002).  
In Pennsylvania, a similar study reported that BL production rates varied by company, with the 
company producing the most flocks between cleanouts generating less BL per 1000 birds 
(Patterson et al., 1998).  Patterson et al. (1998) also reported an overall mean BL production rate 
of 1 Mg BL per 1000 birds.  Decreased BL production due to increased number of flocks 
produced on the bedding has been attributed to decomposition and volatilization of organic 
substrates in the BL (Chamblee and Todd, 2002).  The University of Arkansas estimated BL 
production rates of 1.2 to 1.7 Mg of BL per 1000 birds (UADACES, 2014).  Based on the 
UADACES estimates, Arkansas’ broiler industry produced 1.2 to 1.7 million Mg of BL in 2012, 
the majority of which was located in the Ozark Highlands. 
Broiler litter is a source of plant macro- and micro-nutrients when used as a soil 
amendment (Wilson et al., 2001; Patterson et al., 1998; Mitchell and Donald, 1999; Chamblee et 
al., 2002; Harmel et al., 2008; van der Watt et al., 1994).  Table 1-1 reports the typical chemical 
composition of BL from northwest Arkansas for an 8-yr period.  In Arkansas, BL has been 
shown to improve rice (Oryza sativa L.) yields on precision-graded soils (Miller et al., 1990; 
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Miller and Wells, 1992), increase forage yields (Hileman, 1973; Huneycutt et al., 1988; Brye and 
Pirani, 2006), and even provide a residual N boost to corn (Zea mays L.) one year after 
application (Mozaffari et al., 2007).   
Broiler litter also contains trace metals (Table 1-1; Garbarino et al., 2003; Pirani, 2005; 
Menjoulet, 2007; Franzluebbers et al., 2004; van der Watt et al., 1994).  Trace metals like As 
originate from dietary supplements such as 3-nitro-4-hydroxylarsonic acid (roxarsone) and 4-
aminophenylarsonic acid (p-arsanilic acid) that are used to enhance growth by controlling 
coccidiosis, a disease caused by coccidian, a single-celled parasite of the intestine (Garbarino et 
al., 2003; Garbarino et al., 2009).  Broiler dietary additives are regulated by the United States 
Food and Drug Administration (21 CFR 558.60 and 21 CFR 556.530; Code of Federal 
Regulations).  Roxarsone passes through broilers with little or no change and then undergoes 
biotic degradation into arsenate (Garbarino et al., 2003).  O’Connor et al. (2005) reported finding 
As contaminated dust in 88% of homes tested near fields receiving BL applications at levels in 
excess of the Environmental Protection Agency’s industrial indoor workers cancer-endpoint of 
3.8 mg kg-1.  The top 60% of homes that tested positive for As contained a mean As 
concentration of 34.2 mg kg-1.  The subset of homes selected for dust-As speciation (n = 31) 
revealed that 97% of homes tested positive for roxarsone (O’Connor et al., 2005).  
 
Land Application of Litter 
In most agricultural systems, N is the limiting nutrient for plant growth.  In the past, BL 
application rates were based on the N requirement of the forage crop being grown and the 
amount of N supplied by the BL.  However, this approach resulted in the application of other 
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nutrients and trace metals in excess of crop requirements and caused accumulation in the soil 
profile or loss to surface and/or groundwater through runoff and/or leaching. 
 
Phosphorus Index 
The Phosphorus Index is a resource management tool intended to be used by planners to 
communicate to land users the relative potential for P to move within a landscape and potentially 
enter waterways (USDA-NRCS, 1995).  The P Index assesses the risk level of P leaving the site 
and also helps identify management alternatives to help minimize and reduce P loss in runoff 
from that site (USDA-NRCS, 1995).  The P Index may be modified to reflect local or regional 
characteristics to better accommodate local conditions (USDA-NRCS, 1995).  Once adapted to a 
local/regional zone, the modified index must be tested to confirm its validity (USDA-NRCS, 
1995). 
The Arkansas P Index for Pastures utilizes weighting factors based on simulated runoff 
studies (DeLaune et al., 2004; DeLaune, 2002).  The court-mandated development of a P index 
specifically for the Eucha/Spavinaw watershed in north east Oklahoma and far northwest 
Arkansas was satisfied by the modification of the current P Index for Pastures to create the 
Eucha/Spavinaw P Index (DeLaune et al., 2006), which has decreased BL applications within the 
watershed (Sharpley et al., 2009).  Sharpley et al. (2009) stated that despite decreased BL 
applications to soil within the watershed, surface waters will not see immediate decreases in P 
inputs due to the elevated residual P in the soils in the watershed and in the river sediments. 
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Potential Fate of Nutrients and Trace Metals in Litter Applied to Soil  
Runoff  
In general, the term runoff or overland flow refers to surface flow of water that has been 
delivered to the soil surface in excess of the soil’s water absorption ability.  Two types of runoff 
are identified by soil scientists based on the mechanisms that create runoff: infiltration excess 
overland flow and saturated excess overland flow (Pilgrim and Cordery, 1993).  Geologists and 
hydrologists identify a third type of runoff, throughflow (Pilgrim and Cordery, 1993).  
Infiltration excess overland flow, also referred to as Horton overland flow in honor of the 
hydrologist Robert E. Horton, is surface runoff that occurs when the water delivery rate (i.e., 
precipitation, irrigation or snow melt) to the soil surface exceeds the rate of infiltration and 
surface storage has been exceeded (Pilgrim and Cordery, 1993).  Saturation excess overland flow 
is surface runoff that occurs when the near-surface soil has become saturated to the point where 
infiltration is limited and surface storage has been exceeded (Pilgrim and Cordery, 1993).  
Throughflow is the rapid movement of water into the soil via macropores (i.e., preferential flow), 
the subsequent lateral movement via a saturated zone within the soil or parent material, and 
finally the discharge to a receiving stream.  Throughflow is a rapid near-surface subsurface 
phenomenon (Pilgrim and Cordery, 1993).  For the purposes of this dissertation, runoff will refer 
to surface flow only and throughflow will be collected and referred to as leachate or drainage.  
Runoff, infiltration capacity, and the subsequent movement and redistribution of water 
within the soil are closely related concepts that govern runoff.  Water interception by plants or 
ground cover, evapotranspiration, and surface storage also influence runoff.  Factors governing 
runoff include: soil surface slope and slope length; precipitation rate, duration, and type; soil 
infiltration rate; plant or cover residue and raindrop interception; soil textural class or proportion 
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of sand, silt, and clay; clay type; soil structure and plasticity; soil porosity; antecedent soil 
moisture condition; soil bulk density or compactness; soil hydraulic conductivity; plant root 
density; soil sodic condition; subsoil features that might limit water movement and redistribution 
such as a plow pan or fragipan; and land use (Horton, 1933; Pilgrim and Cordery, 1993; Rawls et 
al., 1993; Harper et al., 2008). 
When the precipitation rate at the soil surface exceeds the rate of infiltration, surface 
water accumulates (Hillel, 2004a).  Depending on soil surface slope, surface water accumulates 
in low areas creating puddles, depression storage or surface storage (Fetter, 2001a).  Only after 
depression storage capacity is exceeded will runoff commence.  Runoff moves down-slope along 
the soil surface in response to gravitational forces.  Initially, movement takes the form of sheet 
flow, but as the velocity increases, the amount of energy contained within the water increases its 
ability to erode the soil surface (Hillel, 2004a).  Erosion channels runoff and promotes the 
formation of rills, gullies and/or other similar surface features (Hillel, 2004a). 
Plant nutrients and trace metals at the soil surface are potentially susceptible to off-site 
transport through runoff.  Runoff may transport nutrients and trace metals in either of two forms: 
the dissolved form or the particulate-bound form.  Runoff may contain dissolved nutrients and/or 
metals depending on numerous factors associated with dissociation constants of possible 
constituents.  Runoff nutrient and metal concentrations, like in all aqueous solutions, are 
governed by: mineral crystallinity (i.e., more highly crystalline minerals are less likely to 
dissolve than poorly crystalline minerals), solution pH (i.e., a measure of hydrogen ions within 
the system), temperature, solution Eh (i.e., a measure of free electrons within the system), 
solution species activity (i.e., a measure of species concentration accounting for solution 
electrolyte concentration), the amount of time solution is in contact with the nutrient or metal 
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that is dissolving (i.e., some compounds dissolve more quickly than others), and the presence of 
chelates (i.e., compounds that interact with metals to increase solubility; Sposito, 2008a,b,c). 
Runoff may also contain particulate-bound or adsorbed nutrients and metals.  In order for 
a soil particle to be susceptible to movement by runoff, the particle must first be displaced or 
freed from the soil surface.  Factors that influence particle detachment may include: raindrop 
impact where kinetic energy removes the particle from a stable position, soil texture where 
smaller particles require water with less kinetic energy to be moved, soil structure where well-
structured soils are less likely to degrade, soil organic matter where increased organic matter 
improves soil structure, soil chemical properties (i.e., sodic or saline conditions), vegetative 
and/or ground cover interception where raindrop interception decreases raindrop kinetic energy 
associated with high velocity, and runoff and/or particle laden runoff impact (Hillel, 2004a).  
Detached soil particles will be moved by runoff when runoff velocity attains enough kinetic 
energy to move the particle.  As moving water’s kinetic energy increases, larger particle sizes 
may be moved.  Plant nutrients and trace metals carried by runoff may eventually enter surface 
waterways. 
 
Volatilization 
Volatilization from soil is the process of mass loss due to transformation of a solid-phase 
compound to a gaseous phase.  For the purpose of this research, volatilization will focus on 
carbon dioxide (CO2) production and loss from the soil surface.  In soil, CO2 is produced by soil 
macro- and micro-organisms and plant roots as carbon substrates, such as soil organic matter or 
carbon-based BL, are utilized as an energy source in cellular respiration: 
C6H12O6  +  6O2  →  6CO2  +  6H2O  +  energy    [1-1] 
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where sucrose is oxidized by oxygen to form CO2, water, and energy.  Cellular respiration occurs 
in the cell mitochondria where energy is captured for a net gain of two adenosine triphosphate 
(ATP) molecules in the Krebs cycle.  The CO2 produced is a by-product and can accumulate 
within the soil atmosphere at concentrations in excess of 10 times the atmospheric CO2 
concentration.  The exchange of CO2 at the soil surface between the soil atmosphere and the 
terrestrial atmosphere is driven by mass flow and diffusion, with the later being the more 
prominent process.  Fick’s law describes gas diffusion in soil: 
Jg  =  -D(∂c/∂x)     [1-2] 
where Jg is the diffusive flux of CO2 in this case (µmol CO2 m
-2 s-1), D is the diffusion 
coefficient (m2 s-1), c is CO2 concentration (µmol CO2 m
-3), and x is the distance traveled (m).  
The concentration gradient is ∂c/∂x and is the driving force of diffusion (Hillel, 2004b).  The 
diffusion coefficient in Equation 1-2 is the most difficult variable to measure in situ because it is 
influenced by dynamic soil properties, mainly soil temperature and soil moisture.  It should be 
noted that soil temperature and moisture are also important environmental factors governing soil 
microorganism activity, including reproduction and respiration rates.  
 
Leaching 
Water movement within soil may be quick as with preferential or mass flow or slow as 
when water interacts with the soil matrix.  Mass flow occurs when water moves into and through 
the soil by way of preferential pathways, such as cracks in a Vertisol before sealing occurs or 
macro-organisms’ tunnels.  Mass flow bypasses the soil matrix’s natural filtrating processes and 
thus may allow rapid delivery of contaminants to groundwater.  On the other hand, when water 
moves through the soil profile, contaminants may be degraded or consumed by soil microbes or 
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interact with organic matter or soil particles.  Soil solution moving below the root zone is 
drainage or leachate and will either move back into the root zone in response to matric potential 
gradients at a later time or enter the groundwater.  Broiler litter contaminants in leachate can 
pollute groundwater.  Polluted groundwater may be used for drinking.  In the Ozark Highlands, 
topographic features allow relatively free movement and mixing of surface and groundwater.  
 
Soil Storage/Adsorption 
A soil’s ability to retain and store ions and compounds can be quite large.  Factors that 
influence soil chemical retention are:  parent material, soil depth, cation exchange capacity 
(CEC), anion exchange capacity (AEC), soil organic matter (SOM), soil pH, soil Eh, soil 
salinity, and amount of water movement.  Ion/compound chemical characteristics, such as 
solubility, polarity, charge, and charge density, can also influence retention in soil.  Broiler litter 
contains many constituents of varying chemical structures that can interact many ways with soil.  
For instance, P applied in BL to an alkaline soil may precipitate from soil solution forming 
calcium-bound P.  The same P applied to an acidic soil may precipitate as iron- or aluminum-
bound P.  In both cases, P may be retained for many decades within a soil.  In contrast, N 
contained in BL may take the form of nitrate, an anion.  Nitrate and soil particle surfaces are 
negatively charged and thus repel one another.   Therefore, nitrate moves with soil water and is 
seldom retained in the soil column. 
 
Plant Uptake 
Broiler litter contains nutrients and trace metals important to proper plant growth and 
maturity.  Macronutrients, such as N, P, potassium (K), calcium (Ca), magnesium (Mg), and 
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sulfur (S), as well as micronutrients, such as iron (Fe), manganese (Mn), boron (B), Zn, Cu, and 
nickel (Ni), are contained in BL (Daigh et al., 2010; Menjoulet et al., 2009; Pirani et al., 2007; 
Sistani et al., 2006; Sistani et al., 2008).  Although plant-available chemical forms of these 
nutrients and metals may not be readily available in fresh BL, biological and environmental 
processes can transform BL constituents into plant available ions/compounds to be taken up by 
plants and potentially removed from the system depending on the management practices being 
used (i.e., haying and/or grazing).  
 
Potential Environmental Consequences of Land-applied Litter 
 
Plant nutrients and trace metals contained in land-applied litter can undergo multiple 
biological and environmental processes.  These processes may be classified into two groups, 
sinks, which are storage within the soil or organic compounds, and losses (Figure 1-2).  Two of 
the more important losses, with regard to water quality within the Ozark Highlands, are runoff 
and leaching from soil.    
 
Water Quality Issues 
Water has many uses.  Water quality is defined as the suitability of water for its intended 
use (Daniels et al., 2010).  For example, water containing high concentrations of nitrate could be 
assessed as unimpaired if the intended use was agricultural irrigation.  The same water body 
could be assessed as impaired if the intended use was for drinking water.  Nonpoint source 
pollution is one form of pollution that impairs water (Daniels et al., 2010), and is today’s most 
important source of water quality problems (Hirsch et al., 2006).  Nonpoint pollution comes from 
urban, suburban, and agricultural land uses; forest harvesting; mining activities; and the 
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atmosphere (Hirsch et al., 2006).  Nonpoint pollutants include sediments, herbicides, pesticides 
and nutrients (Daniels et al., 2010).   
Aquatic ecosystems, such as streams, lakes or coastal waters, may undergo eutrophication 
or nutrient enrichment when nutrients that are normally growth-limiting due to their naturally 
occurring scarcity in the environment become readily available in the aquatic system (Kalff, 
2002a; Smith and Schindler, 2009).  Phosphorus is the primary limiting nutrient in most water 
systems (Kalff, 2002a; Smith and Schindler, 2009; Schindler et al., 2008; Stumm and Morgan, 
1996).  Water-P concentration has been shown to be positively correlated to cyanobacterial 
biomass (Smith and Schindler, 2009) or chlorophyll-a concentration (Kalff, 2002b) in eutrophic 
waters.  Stumm and Morgan (1996) stated that every P atom contained within a biogenic 
substance (i.e., a substance produced by a life-related process) entering a lake will be oxidized to 
form “phosphate(s) of oxidative origin” (i.e., bio-available P).  Every P atom in this from will 
consume 342 oxygen atoms as algal protoplasm is produced or maintained (Stumm and Morgan, 
1996).  This increased oxygen demand in aquatic ecosystems is responsible for anoxic co nditions 
(Stumm and Morgan, 1996) and may lead to fish kills and decreased water quality.  Therefore, 
appropriate P management is important to maintaining water quality (Smith and Schindler, 
2009).  In Arkansas, nonpoint source P pollution associated with land-applied organic 
amendments, such as BL, is managed by the use of the P Index (DeLaune, 2002).  
 
Ozark Highlands 
As previously mentioned, the southern portion of the Ozark Highlands is characterized by 
well-developed karst made possible by the extensive presence of soluble carbonate rock (Scott 
and Ward, 2002; Brye et al., 2013).  As unsaturated (with respect to calcite or dolomite) water 
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moves through the bedrock, caves are formed as the carbonate rock is dissolved (Fetter, 2001b).  
Karst spring discharge rates are positively correlated to precipitation within the recharge area 
(Fetter, 2001c; Graening and Brown, 2003; Stueber and Criss, 2005) indicating that runoff may 
enter groundwater directly (Fetter, 2001c).  Karst springs can also store water between rain 
events (Fetter, 2001c), thus providing a source of well water.  Stueber and Criss (2005) reported 
a residency time of 100 days in a karst cave in Illinois.  Because of the unhindered movement of 
water between surface and groundwater, anthropogenic activities, including organic amendments 
to soil, may contaminate water resources (MacDonald et al., 1976, Sco tt and Ward, 2002; Fetter, 
2001c; Graening and Brown, 2003; Stueber and Criss, 2005).  Simard et al. (2000) stated that 
man-made and natural preferential flow pathways may be important mechanisms for P 
movement within and through soil during storm events following dry periods.  
In Cave Springs Cave in Cave Springs, Benton County, Arkansas, Graening and Brown 
(2003) reported that the primary source of energy input into a phreatic cave [i.e., a cave where 
the bedding plane dips below the water table (Fetter, 2001b)] within the Ozark Highlands was 
from the cave’s stream ecosystem influx of dissolved organic matter.  Stable carbon isotope 
comparisons between biota and possible biota food sources suggested that cavefish (Amblyopsis 
rosae) and stygobitic isopods (Caecidotea stiladacyyla) primarily consumed sewage-derived 
organic matter.  Graening and Brown (2003) reported the cave to be contaminated with excess 
nutrients, metals, and fecal bacteria whose concentrations peaked with storm events and summer 
growing seasons.  Water concentrations of beryllium, Cu, Pb, Se and Zn were reported to exceed 
Arkansas state limits for chronic and acute toxicity to aquatic life (Graening and Brown, 2003). 
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Population Growth and Drinking Water 
The Ozark Highlands is an area with increasing population.  In northwest Arkansas, 
populations in Benton and Washington Counties increased 127 and 79%, respectively, between 
1990 and 2010 (USCB, 2013a, b, c).  Population growth increases demand for water resources, 
primarily with regard to drinking and recreational uses.  In order to maintain high water quality 
within the Ozark Highlands, the effects of land-applied BL on surface runoff and subsurface 
leaching must be studied over a long period of time.  Sustained population growth within 
northwest Arkansas mandates management practices that preserve the present natural resource 
base. 
 
Litter-derived Nutrient and Metal Studies 
Runoff Studies 
The study of runoff nutrient concentrations and loads (or losses) is important because 
runoff normally empties into surface waters wher water quality may be adversely affected by 
excess nutrient additions.  The effect of BL application on runoff nutrient concentrations and 
losses has been widely explored within laboratory (Adeli et al., 2006; Vadas et al., 2004; 
Kleinman et al., 2002) and field studies (DeLaune et al., 2004; DeLaune, 2002; Pote et al., 1999; 
Moore et al., 1998; Edwards et al., 1997; Nichols et al., 1994; Edwards and Daniel, 1993) 
utilizing simulated rainfall.  Such studies are important because researchers are able to 
manipulate dependant variables like rainfall intensity, duration, and frequency, which are 
difficult to control within natural environments.  However, simulated rainfall studies often report 
rainfall rates that are infrequent (i.e., storm events with return rates greater than 5 years) in 
nature.  Watershed studies (Sharpley et al., 2008; Sharpley et al., 1992) support the importance 
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of storm events on runoff, but few studies have monitored runoff from controlled small plots 
during naturally occurring rainfall (Menjoulet et al., 2009; Sistani et al., 2006; Wood et al., 1999) 
over extended periods of time. 
Important results of simulated-rainfall- induced runoff studies include runoff 
concentrations and losses of BL constituents increasing with increased BL application rates 
(DeLaune et al., 2004; Moore et al., 1998; Edwards and Daniel, 1993).  Edwards and Daniel 
(1993) reported linear relationships relating increased runoff concentrations and losses of total N, 
ammonium (NH4-N), nitrate (NO3-N), total P, dissolved-reactive-P (DRP), total-suspended 
solids and chemical oxygen demand (COD) to increased BL application rate.  It should be noted 
that many researchers use similar terms to DRP, including soluble-reactive-P, to describe plant-
available P, H2PO4
- and HPO4
2-, and is operationally defined by the method of determination, 
namely filtration with a 0.45-µm pore diameter filter and colorimetric determination, and will 
hereafter be referred to collectively as DRP.  DeLaune et al. (2004) reported similar findings for 
DRP.  Moore et al. (1998) reported similar BL effects for trace metal (i.e., As, Cu, Fe, K, Na, 
and Zn) concentrations within runoff. 
Edwards and Daniel (1993) also reported a dilution effect pertaining to rainfall intensity 
and runoff.  Runoff concentrations of total N, total P, DRP, and COD decreased as rainfall 
intensity increased, but losses increased.  The increased runoff thus diluted concentrations, but 
carried more mass (Edwards and Daniel, 1993).  Vadas et al. (2004) reported decreasing runoff 
dissolved- inorganic P concentrations as time progressed during the first 30 min of simulated 
runoff for three animal manures, including BL. 
Adeli et al. (2006) reported that as the amount time between BL application and the 
runoff event increased total losses of N, NH4-N, NO3-N, and DRP in runoff decreased.  Adeli et 
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al. (2006) also reported runoff concentrations of N, P, K, Ca, Mg, Cu and Zn decreased with 
increased number of runoff events.  DeLaune et al. (2004) reported similar results for DRP and 
increased successive rainfall. 
Broiler litter treated with aluminum sulfate prior to soil application has been reported to 
improve runoff quality during simulated (Moore et al., 1998; DeLaune et al., 2004) and naturally 
occurring (Sistani et al., 2006) rainfall.  Additions of aluminum sulfate decreased runoff 
concentrations of As, Cu, Fe, Na (Moore et al., 1998), DRP (DeLaune et al., 2004; Sistani et al., 
2006), NH4-N, total P, and particulate P (Sistani et al., 2006).  Shallow (i.e., 2-3 cm depth) 
incorporation of BL has been reported to not affect runoff quality (Nichols et al., 1994).  
Results of studies exploring naturally occurring runoff from watersheds support results of 
simulation studies.  In a study monitoring streams and discharges from karst aquifers in Illinois, 
Stueber and Criss (2005) reported increased concentrations of atrazine and K from agricultural 
land during high-flow conditions.  Similarly, Sharpley et al. (2008) reported increased 
concentrations of total P and particulate P in stream water as storm size or storm return rate 
increased in a 39.5-ha watershed in Pennsylvania.  Sharpley et al. (2008) suggested that as storm 
size increases, the area within the watershed contributing to runoff-related stream flow may 
increase.  
Soil- test P has been reported to be positively correlated to runoff DRP (DeLaune et al., 
2004; Pote et al., 1999).  Pote et al. (1999) reported that water-extractable-P concentrations in the 
top 2 cm of the soil were positively correlated to DRP concentrations and loads in runoff.  The 
relationships reported were different for different soil series, but normalization of the data by 
dividing DRP runoff concentrations by the volume of runoff prior to regression analyses resulted 
in soil-specific regression lines that did not differ from one another.  Pote et al. (1999) suggested 
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that normalization of data corrected for site-specific hydrology differences associated with 
different soil series resulted in a more universally applicable relationship between water-
extractable-P and runoff DRP concentrations and loads.  Similarly, DeLaune et al. (2004) 
reported a positive correlation between soil Mehlich-III extractable-P concentration and DRP 
concentration in runoff.  DeLaune et al. (2004) reported no correlation once BL was applied to 
the soil because the DRP contained in the BL overwhelmed the relationship. 
Wood et al. (1999) conducted a 2-yr study of BL application rate at two levels, 9 and 18 
Mg BL ha-1, and commercial fertilizer effects on seasonal runoff quality in Alabama in response 
to naturally occurring rainfall.  Corn with winter rye (Secale cereal L.) was grown on a silty-clay 
soil with a 4% slope.  Increased BL application rate was reported to increase flow-weighted-
mean (FWM) runoff concentrations of NO3-N and NH4-N during the second season of corn 
production and NO3-N during the second season of rye production (Wood et al., 1999).  Wood et 
al. (1999) attributed the increased FWM runoff concentration of NO3-N to be from increased 
NO3-N contained within BL used during the second season, where the BL NO3-N concentration 
increased from 12 to 363 mg NO3-N kg
-1 for year one to two, respectively.  Total-P and DRP 
runoff concentrations and losses were reported to increase with increasing BL application rate 
during the second season of corn production as well (Wood et al., 1999).  Wood et al. (1999) 
attributed these results to increased BL concentrations of P during the second year.  Seasonal 
FWM runoff concentrations of Ca, K, Mg and Mn were reported to be greater in the 18 Mg BL 
ha-1 application rate treatment under corn production in either one or both corn seasons (Wood et 
al., 1999).  In addition, seasonal runoff losses of K, Mg and Mn were reported to increase with 
increased BL application rate during corn production in either the first or second year of 
production, but results were not consistent for both years (Wood et al., 1999).  Wood et al. 
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(1999) concluded by reporting FWM runoff concentrations of N, P, K, Mg, Mn, Cu and Zn were 
at levels that were adequate for algal growth in natural water bodies. 
 
Leaching Studies 
In general, any compound or ion that is soluble in water has the potential to be leached 
from soil as soil solution moves in response to matric and gravitational forces.  Many 
compounds/ions contained in soil solution are thought to interact with the soil matrix as they 
move within soil and undergo numerous biological and chemical reactions that help protect 
groundwater from contamination.  The following section will discuss techniques to collect soil 
solution or leachate followed by a section reviewing related studies pertaining to leaching.   
   
Leachate Collection Techniques 
Studies measuring solute and water fluxes through soil may use one of many techniques 
for leachate collection, each with its own merits and limitations.  On one end of the spectrum, 
laboratory studies using undisturbed or artificially packed soil columns allow researchers 
maximum control of variables at relatively low cost.  Soil column studies may be short in 
duration, ranging from a few hours to a few days.  Variability of soil physical properties 
governing water movement may be high in some soils so many replications are important.  Most 
recently, the use of monoliths, which are large soil columns with diameters > 0.3 m, have been 
used to more closely resemble natural soil and reduce spatial variability issues, but with 
increased expense.  Soil columns are ideal for monitoring movements of environmentally 
hazardous materials, such as radioactive tracers, or for applying an annual amount of simulated 
rainfall within a short period of time. 
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Moving along the spectrum, studies using porous ceramic cup soil solution samplers may 
collect soil leachate if placed below the root zone in a field setting.  Porous cup samplers collect 
soil solution in response to gravity under saturated conditions or may collect soil solution in 
response to a vacuum applied to the inside of the sampler and thus collect soil solution from 
saturation to the matric potential equivalent to the amount of vacuum applied.  Although 
relatively inexpensive, porous cup samplers do not provide direct measurements of water and 
solute fluxes in soil due to the undefined collection area of the porous cup.   
Nearing the other end of the spectrum, weighing and pan lysimeters, with better defined 
surface collection areas, are ideal for estimating water and solute fluxes, but can be expensive to 
install and maintain.  Weighing lysimeters can be large and are many times filled with disturbed 
soil.  As the name implies, weighing lysimeters use a scale to measure soil column changes in 
mass associated with precipitation and evapotranspiration.  Pan lysimeters can be smaller, thus 
allowing more replications, and may be installed under undisturbed soil.   As the name also 
implies, pan lysimeters use a reservoir for the collection and storage of soil water that passes 
through a porous plate with defined dimensions at the bottom of a soil column. 
Brye et al. (1999) developed equilibrium tension lysimeters (ETL).  By installing heat 
dissipation sensors in bulk soil adjacent to a pan lysimeter, Brye et al. (1999) were able to 
monitor the soil matric potential and then adjust suction within the lysimeter to reflect current 
soil conditions.  Frequent, approximately twice per week, manual adjustments of ETLs were 
required to keep lysimeter suction within range of current soil matric potentials.  With the 
addition of an automated control system, Masarik et al. (2004) were able to monitor and adjust 
lysimeter suction in real time and without manual intervention to more realistically mimic 
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naturally occurring drainage within undisturbed soil.  Masarik et al. (2004) termed the device an 
automated equilibrium tension lysimeter (AETL).   
 
Related Leaching Studies 
Once surface applied to soil, BL may be rained upon.  Assuming precipitation is not 
intercepted by plants, rain may react with BL in a manner as to extract soluble BL constituents.   
Gupta et al. (1997), in a BL toxicity study, extracted BL with deionized water according to the 
United States Environmental Protection Agency protocol for aquatic toxicity identification 
evaluations and reported that Cd, Cu, Fe, Pb, and Zn were extracted at concentrations great 
enough to be toxic to Ceriodaphnia dubia, the protocol’s indicator species.  Gupta et al. (1997) 
reported, however, that the extractant was not toxic, possibly because organic matter within the 
BL may have formed complexes with the metals, thus making them less toxic.  Karathanasis et 
al. (2005) reported that similar BL-extractable biosolids increased Cu, Zn, and Pb mobility 
through undisturbed subsoil monoliths (i.e., large soil columns).  Karathanasis et al. (2005) also 
reported that monolith leachate metal losses were primarily colloidal-bound, with 61, 66 and 
96% of Cu, Zn, and Pb, respectively, being associated with organic matter.  Preliminary data of 
Karathanasis et al. (2005) indicated that Pb had a greater tendency to interact with BL-derived 
biosolids than with any of the soils used for the study.  
Once precipitation has fallen and interacted with BL, the nutrient- laden water may be 
intercepted by a residue layer (i.e., mulch) above the soil surface where water may be absorbed 
and then infiltrate into the soil or be evaporated.  Water may enter the soil surface directly, be 
evaporated, or runoff, in which runoff was addressed in the previous section.    
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Infiltration is the downward entry of water into soil at the soil surface and its subsequent 
movement and redistribution (Horton, 1933; Rode, 1965).  If the precipitation rate is less than the 
maximum rate at which soil may absorb water, then infiltration is supply controlled (Hillel, 
2004c).  If, however, the rate of precipitation to the soil surface exceeds the infiltration rate for 
the soil, then the process is soil controlled (Hillel, 2004c).  Soil controlled processes may be 
either surface controlled if the soil surface is responsible for the limited infiltration rate, or 
profile controlled if a lower soil horizon is responsible for the limited infiltration rate (Hillel, 
2004c). 
Infiltration is affected by many factors.  Increased soil surface slope decreases water 
infiltration and increases runoff.  Soil texture influences infiltration with coarse-textured or 
sandy soils having greater infiltration rates than fine-textured or clayey soils (Horton, 1933; 
Hillel, 2004c).  Well-structured soils have greater infiltration rates than poorly structured soils.  
Initial soil moisture also affects infiltration, with initially dry soils generally having greater 
infiltration rates than initially wetter soils (Horton, 1933; Hillel, 2004c).  Ground cover 
interception decreases raindrop velocity and increases infiltration (Hillel, 2004c).  Shrink-swell 
clays present in soil may crack when dry allowing increased infiltration via preferential flow 
(Hillel, 2004c) or expand once wetted to decrease infiltration close to zero.  The temperature of 
the water itself determines the water’s viscosity, which also affects infiltration.  Warm water 
infiltrates soil at a greater rate than cold water.  Soil profile heterogeneity affects infiltration, 
with homogeneous soil having greater infiltration rates than layered soils (Hillel, 2004c).  
Entrapped air within soil decreases infiltration.   Soil crusting due to soil aggregate breakdown in 
saline and/or sodic conditions decreases infiltration (Hillel, 2004c).  Soil surface crusting due to 
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amendments of dairy (Brock et al., 2007) and BL slurries (Adams et al., 1997) have been 
reported to decrease infiltration. 
Once in the soil, water moves in response to gravitational, pressure, osmotic and matric 
gradients (Hillel, 2004d, e).  Solutes move as they are carried by moving water either by mass 
flow or convection or in response to concentration gradients by diffusion (Hillel, 2004f).  As 
previously mentioned, numerous chemical and biological processes may act on BL-derived 
constituents in soil solution.  These processes may act as sinks (i.e., plant uptake or precipitation 
to the solid phase) or losses (i.e., volatilization or leaching).  
Soil solution that drains from a soil of interest is referred to as leachate.  Large leachate 
fluxes have been reported to occur during the spring in south-central Wisconsin (Brye et al., 
2001; Brye et al., 2000) or during the winter in Germany (Harsch et al., 2009; Adams et al., 
1994), when increased precipitation coincides with increased leachate fluxes (Harsch et al., 
2009; Andraski et al., 2000; Adams et al., 1994) and decreased transpiration rates.  In northwest 
Arkansas, the greatest fluxes of leachate have been reported in either the spring (Pirani et al., 
2006) or winter (Pirani et al., 2006; Adams et al., 1994) depending on the year.  During a 1-yr 
trace metal leaching study using artificially packed soil columns to explore possible reclamation 
of mine tailings, Zhu et al. (1999) reported that fescue reduced the leachate flux compared to 
bluestem (Andropogon gerardii) and control (i.e., no vegetation) columns.  Zhu et al. (1999) also 
reported that Cd and Zn leachate concentrations were low during August and September, but 
increased in early October through late May for columns with growing vegetation.  Leachate Pb 
concentrations were reported to be unaffected by the presence of vegetation (Zhu et al., 1999).  
Zhu et al. (1999) also reported that the presence of subsoil limited Cd and Zn leaching and 
helped to reduce vegetation- induced leaching of Cd and Zn in October through May.  Topsoil 
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over mine tailings was reported to increase the mobility of Zn and Cd from mine tailings , but did 
not affect Pb (Zhu et al., 1999). 
During a long-term leachate study in Germany, Harsch et al. (2009) reported that the 
leachate flux at a depth of 3.5 m from a grassland was greater than that from mature deciduous 
and coniferous forests.  During a 40-yr observational study, three ecosystems were monitored as 
they matured (Harsch et al., 2009).  Initially, similar leachate fluxes were reported for all 
ecosystems due to trees being small, but during the third year, as the coniferous trees matured 
more quickly, their water demands increased, which caused the leachate flux to decrease (Harsch 
et al., 2009).  During the tenth year, the slower-growing deciduous trees deviated from the 
grassland leachate flux trend and started to decline (Harsch et al., 2009).  By the 24th year of the 
study, the grassland leachate flux continued to be large, while the evergreen and hardwood 
forests were again equivalent to one another, but now at a lower flux than the grassland (Harsch 
et al., 2009).  Harsch et al. (2009) reported that the 40-yr mean amount of leachate was 53, 37 
and 26% of the received precipitation for the grassland, deciduous and coniferous ecosystems, 
respectively.  Similar studies have been conducted in prairie and agricultural ecosystems (Brye 
and Norman, 2004; Brye et al., 2001, 2000, and 1999; Andraski et al., 2000). 
During a 2.5-yr study using an ETL to collect leachate from a natural prairie ecosystem 
and two inorganically fertilized (189.1 kg N ha-1 yr-1) agricultural ecosystems (i.e., no-tillage and 
chisel-plowed corn), Brye et al. (1999) reported drainage as 11, 31 and 44% of received 
precipitation for the prairie, no-tillage and chisel-plowed ecosystems, respectively.  Brye et al. 
(2001) reported slightly increased drainage for a 4-yr period to be 16, 33 and 47% of received 
precipitation for the same prairie, no-tillage, and chisel-plowed ecosystems, respectively.  Brye 
et al. (2000) reported decreased infiltration of precipitation in the prairie ecosystem due to a 
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residue layer on the soil surface.  Brye et al. (2000) also demonstrated a relationship between the 
time since last cultivation and the amount of annual leachate, expressed as a fraction of the total 
annual precipitation.  Brye et al. (2000) reported that as time increased from the last cultivation, 
annual drainage decreased, but not because of increased evaportranspiration demand.  Brye et al. 
(2000) stated that land use in south-central WI had changed soil hydraulic properties and 
suggested that agricultural- related soil disturbances, such as chisel plowing, promoted extra 
drainage.  Brye et al. (2000) suggested that drainage rates observed in the chisel-plowed corn 
agroecosystem could represent potential leaching losses of nitrate-N and pesticides during the 
spring season if above-normal precipitation occurred.   
Nitrate-N is one of the most prominent groundwater pollutants originating from soil 
(Hillel, 2004g).  Application of inorganic fertilizer to soil has been reported to increase NO3-N 
concentrations (Brye and Norman, 2004; Domínguez et al., 2004; Brye et al., 2001; Andraski et 
al., 2000) and loads (Brye and Norman, 2004) in soil leachate.  In a related ETL study, Brye et 
al. (2001) evaluated the denitrification potential of three ecosystems: a prairie restoration and a 
no-tillage and chisel-plowed, fertilized, continuous corn agroecosystem.  Brye et al. (2001) 
reported that cumulative total dissolved carbon losses in leachate were greater for the agricultural 
ecosystems than the prairie ecosystem.  However, dissolved organic carbon (DOC) leaching 
losses were similar between the two agricultural ecosystems (Brye et al., 2001).  Brye et al. 
(2001) concluded that denitrification was limited by DOC supply in the agroecosystems and by 
NO3-N supply in the prairie.  Brye et al. (2001) stated that the prairie ecosystem was more 
efficient with N cycling than the agricultural systems.  
In addition, Brye and Norman (2004) reported no difference between ecosystems for 
volume of leachate or cumulative leaching losses of B, Ca, Cl, K, Mg, Mn, P, Na, S, Zn, NH4-N, 
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NO3-N, and DOC.  However, FWM leachate concentrations and cumulative losses of Al and Fe 
were greater from the prairie ecosystem than either the no-tillage or chisel-plowed 
agroecosystem (Brye and Norman, 2004).  Brye and Norman (2004) reported increased FWM 
leachate concentrations and leaching losses of B, P, and NO3-N in optimally N-fertilized (180 kg 
N ha-1 yr-1) corn compared to N-deficient (10 kg N ha-1 yr-1) corn.  Nitrate-N concentrations in 
leachate have also been reported to be greater for inorganic than organic fertilizer sources in 
agricultural systems planted to corn (Dominguez et al., 2004).  
In Ohio, zero-tension lysimeters were placed at a depth of 45 cm, just above a fragipan, 
to evaluate the effects of fertilizer type [ammonium nitrate, cow manure-straw mixture, and 
legume-rye mixture (Vicia villosa Roth-Secale cereal L.), all applied at a rate of 150 kg N ha-1] 
and earthworm (primarily Lumbricus terrestris L., 44-61% of total; but also Aporrectodea 
trapezoids Dúges, Aporrectodea tuberculata Eisen and Lumbricus rubellus) population densities 
(control, increased or decreased) on soil drainage over a 6-yr period (Dominguez et al., 2004).  
Dominguez et al. (2004) reported increased leachate fluxes from plots with increased earthworm 
population densities compared to decreased populations.  Earthworm population did not affect 
leachate NO3-N concentrations (Dominguez et al., 2004).  Total-N drainage losses were reported 
to be 33.9 and 13.5 kg N ha-1 from increased and decreased earthworm populations, respectively 
(Dominguez et al., 2004).  Dominguez et al. (2004) stated that total-N losses were primarily due 
to the greater leachate fluxes associated with the increased earthworm population.  Simple linear 
regression indicated that earthworm population density, measured in counts m-2, explained 50% 
of the variability in total-N fluxes at the 45-cm depth (Dominguez et al., 2004).  Dominguez et 
al. (2004) concluded that earthworms had influenced soil surface hydrology and direct visual 
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observations further suggested that earthworms may have increased preferential flow to the 
fragipan. 
Preferential flow has also been identified as a mechanism of P movement within intact 
soil columns (Brock et al., 2007; Sinaj et al., 2002; Jensen et al., 1998).  Jensen et al. (1998) 
applied tracers, 32P isotope (as H2
32PO4
-) and tritium (3H2O), as a one-time pulse of 8.17 x 10
-3 
pore volumes (PV), temporarily replacing influent waters of a saturated soil core at steady state 
using the constant-head method.  Prior to saturation, the soil’s Ap horizon was removed.  Later, 
Brilliant Blue dye was added to stain preferential pathways.  The P isotope was first detected in 
leachate at 0.012 PV and peaked at 0.04 PV (Jensen et al., 1998).  Tritium was first detected in 
leachate at 0.02 PV and peaked at 0.32 PV (Jensen et al., 1998).  Total leachate recovery of 32P 
and 3H2O, were reported to be 1.1 and 88.8%, respectively (Jensen et al., 1998).  Other leaching 
studies have reported minimal P loss in soil leachate (Brock et al., 2007; Sinaj et al., 2002).  
Jensen et al. (1998) reported that most of the 32P was retained in the upper few millimeters of the 
column.  At soil depths greater than 14.8 cm, 32P was detected at background levels.  Exposure 
of hyperfilm MP, a radioactive sensitive film, to cross-sectional layers of the soil column after 
leaching suggested that 32P was adsorbed to biopore (i.e., a tubular macropore reported as mainly 
earthworm burrows), walls with diameters greater than 3 mm (Jensen et al., 1998).   In support of 
this report, in a study comparing preferential pathways to matrix soil flow, Sinaj et al. (2002) 
reported increased oxalate-extractable-P concentrations in preferential pathways.  Jensen et al. 
(1998) reported complete or total Brilliant Blue staining to a depth of 2 cm (Jensen et al., 1998).  
Jensen et al. (1998) also reported that in the upper half of the column, staining occurred in and 
around biopores.  Below 10 cm, only 10-40% of biopores were stained (Jensen et al., 1998).   
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Preferential flow as a mechanism of P transport into soil has also been studied in soils 
with histories of liquid dairy manure and BL application (Brock et al., 2007).  Brock et al. (2007) 
applied dairy manure to soil columns at field capacity and then monitored soil leachate.  
Leaching losses of DRP were increased with the addition of manure in all soils and FWM DRP 
concentrations increased 1.5 to 10.5 times the initially observed leachate concentrations (Brock 
et al., 2007).  Brock et al. (2007) reported that P losses were not related to soil-P-saturation 
levels of surface or sub-surface soil except for one field where more than 40 years of BL 
application had resulted in excessive P accumulation (2400 mg P kg-1) in the soil to a depth of 50 
cm.  Brock et al. (2007) suggested that subsoil P saturation may increase P losses in soil leachate.  
Nitrate leaching with the addition of BL to soil has also been reported.  Application of 
BL was reported to increase NO3-N leachate concentrations (Adams et al., 1994).  Adams et al. 
(1994) applied BL at three rates (0, 10 and 20 Mg ha-1) and broiler manure (17.7 Mg ha-1, 
adjusted to equal the same N application rate for the high BL treatment) to a Captina silt loam in 
northwest Arkansas and then used pan lysimeters and suction cup samplers to collect leachate 
using a suction of -8 to -12 kPa at 60 and 120-cm depths.  Leachate NO3-N concentrations at the 
60-cm depth peaked at concentrations > 10 mg L-1 about 30 days post-BL-application, then 
decreased to control levels during a dry period for all non-control treatments (Adams et al., 
1994).  Nitrate concentrations peaked a second time at 54 and 41 mg L-1 for high treatments of 
BL and manure, respectively, at 70 to 90 days post-treatment at (Adams et al., 1994).  The low 
BL treatment peaked a second time at 13 mg L-1 at 140 to 150 days post-BL application (Adams 
et al., 1994).  Leachate NO3-N concentrations did not differ between the 20 Mg BL ha
-1 and 17.7 
Mg manure ha-1 treatments.  The 20 Mg BL ha-1 and 17.7 Mg manure ha-1 treatments had 
increased leachate NO3-N concentrations compared to the low BL treatment of 10 Mg BL ha
-1 
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(Adams et al., 1994).  Adams et al. (1994) reported NO3-N losses of 1.7, 2.9 and 2.2% of total N 
applied during the first 60 days post-application at a depth of 60-cm for the 10 and 20 Mg BL ha-
1 and 17.7 Mg manure ha-1 treatments, respectively.  Adams et al. (1994) reported NO3-N 
leachate concentrations at the 120-cm depth to peak approximately 120 days post-treatment for 
all conditions, with the low BL rate being below the drinking water standard of 10 mg L-1 and 
the high application rates exceeding 10 mg L-1. 
As previously discussed, BL-extracted biosolid chelates have been reported to increase 
trace metal (Cu, Pb and Zn) leaching from soil (Karathanasis et al., 2005).  Other trace metal 
leaching studies have used radioactive isotope tracers (Jones and Belling, 1967), lead-arsenate-
contaminated orchard soil (Peryea and Kammereck, 1997), and metal-spiked sewage sludge 
(McLaren et al., 2004) to document trace metal leaching from soil.  Chromium, Cu, and Pb have 
been reported to be retained by soil (Karathanasis et al., 2005; McLaren et al., 2004; Peryea and 
Kammereck, 1997; Jones and Belling, 1967).  McLaren et al. (2004) reported increased leachate 
concentrations of Cd, Ni, and Zn with the application of metal-spiked sewage sludge.  Although 
the amounts of Cd, Ni, and Zn leached were small relative to the amounts added, McLaren et al. 
(2004) reported that leachate concentrations of Ni and Zn exceeded New Zealand ’s 
environmental drinking standards.  Karathanasis et al. (2005) reported the retention of Zn within 
soil to be equivalent to that of Cu.  An isotope tracer study by Jones and Belling (1967) reported 
that Cu was retained at the surface in soils with exchange capacities greater than 2 meq (100 g 
soil)-1 and still remained within 3 cm of the soil surface when exchange capacities were less than 
2 meq (100 g soil)-1.  Jones and Belling (1967) also reported that calcareous soils retained Se, 
primarily at or near the soil surface.  Jones and Belling (1967) reported the greatest metal 
movement within soil to occur with Mo in high pH soils.  Peryea and Kammereck (1997) 
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reported that the addition of monoammonium phosphate to lead-arsenate-contaminated topsoil 
increased As leaching into and through the subsoil, while Pb did not move or leach. 
 
Soil Respiration Studies 
Since BL application to pasture soil has occurred for extended periods of time in the 
Ozark Highlands and other regions where intense broiler production occurs, and since continued 
applications of BL will likely continue to occur in these regions, and since organic amendments 
to soil have been shown to increase CO2 release to the atmosphere, which increases radiative 
forcing, it is imperative to study the effects of long-term BL application rate effects on soil 
respiration in non-cultivated soil.  Furthermore, prediction of soil respiration based on 
measurable environmental factors is needed for larger-scale models that are used to predict 
global climate changes. 
Anthropogenic activities increase CO2 release to the atmosphere, which in turn can 
increase global warming (Forster et al., 2007) and promote climate change (Trenberth et al., 
2007).  Soil surface CO2 flux, also referred to as soil respiration, is influenced by agricultural 
management practices (Risch and Frank, 2010; Roberson et al., 2008; Brye et al., 2006b; Al-
Kaisi and Yin, 2005; Yamulki and Jarvis, 2002; Wagai et al., 1998; Linn and Doran, 1984) and is 
temporally (Ding et al., 2010; Pingintha et al., 2010; Risch and Frank, 2010; Ruehr et al., 2010; 
Brown et al., 2009; Brye and Riley, 2009; Jones et al., 2006; Davidson et al., 1998) and spatially 
(Aiken et al., 1991) variable.  Soil moisture (Brown et al., 2009) and temperature (Reth et al., 
2009; Brye et al., 2006b; Fierer et al., 2006; Fang and Moncrieff, 2001) have also been shown to 
influence CO2 flux from soil.  Additions of mineral fertilizers (Ding et al., 2010) and animal 
manures (Jones et al., 2005), including turkey (Meleagris gallopavo; Pengthamkeerati et al., 
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2005) and BL (Roberson et al., 2008; Jones et al., 2006; Jones et al., 2005; Adams et al., 1997) 
have been reported to increase CO2 flux.  In general, additions of animal wastes result in 
increased carbon sequestration (i.e., carbon storage) within soil (Roberson et al., 2008; Jones et 
al., 2006; Jones et al., 2005).  Researchers have attempted to model CO2 flux (Pingintha et al., 
2010; Brye et al., 2006b; Šimůnek and Suarez, 1993), but few, if any, have attempted to account 
for changes in CO2 flux in response to varying BL amendment rates. 
Soil moisture has been reported to be positively correlated (Pingintha et al., 2010; Brown 
et al., 2009), negatively correlated (Brye et al., 2006b; Jones et al., 2006), and uncorrelated (Ding 
et al., 2010; Brye et al., 2006a; Al-Kaisi and Yin, 2005) to observed soil surface CO2 fluxes.  
Brye and Riley (2009) demonstrated a quadratic relationship between water- filled pore space 
(WFPS) and soil respiration with respiration being greatest at 50% WFPS.  Jones et al. (2006) 
reported two linear regressions relating soil surface CO2 flux and soil moisture level.  A 
positively correlated (R2 = 0.30) regression line was used for volumetric water contents between 
0.1 and 0.3 m3 m-3, while a negatively correlated (R2 = 0.12) regression line was used for 
volumetric water contents greater than 0.3 m3 m-3 (Jones et al., 2006).  In general, soil microbial 
activities, including respiration, have an optimal soil moisture range.  If soil moisture conditions 
are too dry, soil microbes may slow respiration or even die, thus decreasing soil surface CO2 
flux.  On the other hand, if soil moisture conditions are too wet, soil microbes may be forced to 
utilize other terminal electron receivers due to the lack of oxygen or die, thus again resulting in 
reduced soil surface CO2 flux.  In addition, as the soil water content approaches saturation, gas 
movement (i.e., diffusion) within a porous media becomes limited (refer to diffusion coefficient 
term in Equation 1-2). 
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Soil temperature has been reported to be positively correlated to soil surface CO2 flux 
(Ding et al., 2010; Ruehr et al., 2010; Brown et al., 2009; Brye et al., 2006a; Jones et al., 2006; 
Fang and Moncrieff, 2001) and is variable by season (Ruehr et al., 2010; Brown et al., 2009) and 
time of day (Ruehr et al., 2010).  Diurnal hysteresis effects, similar to wetting and drying curves 
within soil, have been observed (Pingintha et al., 2010; Ruehr et al., 2010) and differ by time of 
year (Ruehr et al., 2010) and soil depth (Pingintha et al., 2010).  Many nonlinear relationships 
relating soil respiration and soil temperature have been proposed and are reviewed by Fang and 
Moncrieff (2001).  More recently, exponential relationships have been used to explain variations 
in CO2 fluxes with soil temperature variations (Ruehr et al., 2010; Brown et al., 2009; Jones et 
al., 2006). 
Additions of BL to soil have increased soil surface CO2 flux (Roberson et al., 2008; Jones 
et al., 2006; Jones et al., 2005; Adams et al., 1997).  Adams et al. (1997) explored the feasibility 
of using BL slurry to enhance closed-crop canopies with elevated CO2 concentrations to increase 
photosynthesis.  Five BL slurry treatments and a control receiving de- ionized water were 
imposed on artificially packed soil columns.  Adams et al. (1997) reported a 3- to 8.5-hr lag time 
between when BL slurry was added and when elevated respiration commenced, although no 
statistical support was supplied.  Lag time increased as successive applications of slurry 
increased, possibly due to a soil-crusting effect (Adams et al., 1997).  Stored litter slurry 
inoculated with fresh BL slurry aged for seven days had the shortest lag time of 3 hr with the 
greatest CO2 flux and the greatest total amount of CO2 released when compared to all other 
treatments. 
In Scotland, CO2 production from a grassland was monitored in response to soil surface 
amendments of three organic manures, BL, cattle slurry and sewage sludge pellets, and two 
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inorganic fertilizers, urea and a compound containing ammonium nitrate, on a sandy-clay- loam 
soil (Jones et al., 2006; Jones et al., 2005).  During the 3-yr study, soil surface CO2 flux was 
reported to be similar for inorganic fertilizers and the unamended control (Jones et al., 2006; 
Jones et al., 2005).  During the first two years, cattle slurry and BL were reported to have greater 
cumulative soil respiration compared to control plots (Jones et al., 2005).  Sewage sludge pellets 
were reported to have increased cumulative soil respiration, but only during the second year of 
the study (Jones et al., 2005).  During the third year, cumulative soil respiration was similar for 
all amendments and the control (Jones et al., 2006).  During the first two years, the greatest CO2 
fluxes from BL and sludge pellets occurred in July, within a month of treatment application 
(Jones et al., 2005).  These results suggest that BL amendment effects on soil surface CO2 flux: 
1) may be variable from year to year, 2) may peak later than the hourly scale suggested by 
Adams et al. (1997) and/or, 3) may initially peak on an hourly scale, as reported by Adams et al. 
(1997), and then later peak a second time on a weekly or monthly scale. 
Brye et al. (2006a) evaluated the effects of BL type (fresh and pelletized) and application 
rate (five levels) on soil surface CO2 flux from two silt- loam soils used for rice production in 
eastern Arkansas.  No difference in CO2 flux was reported for BL type (Brye et al., 2006a).  Soil 
surface CO2 flux differed by location with greater fluxes being associated with greater soil 
temperatures at the location sampled later in the day (Brye et al., 2006a).  Brye et al. (2006a) 
reported that BL rate had no effect on CO2 flux, except for the first sample date at 15 d post- litter 
application where increased BL application rate appeared to increase CO2 flux based on visual 
interpretation of presented data.  Brye et al. (2006a) suggested the one-time BL application rate 
effect could have been related to tillage.  Tillage effects on soil respiration have been reported 
for time periods between 12 and 20 d post tillage (Al-Kaisi and Yin, 2005).  Brye et al. (2006a) 
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also reported that, when soil temperatures at the 2.5 and 10 cm depths and soil volumetric water 
content from the 0- to 6-cm depth interval were included in a multiple regression model, the 
whole model was non-significant.  
Brye and Riley (2009) evaluated the effects of prairie restoration age on near-surface soil 
properties, including CO2 flux, within the Ozark Highlands in Benton County, Arkansas.  
Important results demonstrated a temporal effect on CO2 flux, although CO2 flux did not vary by 
location (i.e., restoration age of prairie or native prairie).  Soil surface CO2 flux was reported to 
be positively linearly correlated to soil temperature at two soil depths (2 and 10 cm), but 
unrelated to soil WFPS or soil volumetric water content (VWC; Brye and Riley, 2009).  A 
quadratic model predicting soil surface CO2 flux from WFPS was developed (P < 0.001; R
2 = 
0.11) and predicted maximum CO2 fluxes between 40 and 60 % WFPS (Brye and Riley, 2009).  
Multiple regressions using soil temperature at the 2-cm depth and the linear and quadratic soil 
moisture terms explained 19% of the observed variability in soil surface CO2 flux (Brye and 
Riley, 2009). 
 
Important Results from Various Aspects of the Original Study  
As was alluded to in the Introduction, a study was initiated in Summer 2002 at the 
University of Arkansas’ Agricultural Research and Extension Center in Fayetteville to evaluate 
the effects of BL application rate on the fate and transport of BL-derived plant nutrients and trace 
metals.  Pirani (2005) summarized the first two years (i.e., 2003 and 2004) of BL application rate 
effects on seasonal and annual plant nutrient and trace metal leaching from the root zone of tall 
fescue.  Important results from the initial 2-yr plant nutrient leaching study indicated no 
consistent BL treatment effects.  However, FWM concentrations of P, Ca, Mg, Na and 
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ammonium (NH4-N) were reported to differ by BL treatment either seasonally and/or annually at 
some point during the study.  In the first year (i.e., May 2003 to April 2004), FWM 
concentrations of P in soil leachate were twice as large in the low litter treatment (5.6 Mg ha-1) 
than the control and high- litter treatments (0 and 11.6 Mg ha-1, respectively) in the spring and for 
the entire year (Pirani et al., 2007).  However, the observed BL rate effect in the spring was great 
enough to influence the annual P leaching trend for the entire first year of the study.  This 
suggests that leachate P concentrations may occasionally increase due to BL application rate and 
coupled with the underlying karst development in the region, may impair groundwater quality.   
Important results from the initial 2-yr trace metal leaching study included seasonal BL 
rate effects on FWM leachate Mn, chromium (Cr), and Fe concentrations as well as annual 
effects for FWM Ni and Cu concentrations (Pirani et al., 2006).  Seasonal mass losses were 
observed in 2004 for As, Fe, and Zn.  Overall results, however, were not consistent and Pirani et 
al. (2006) concluded that the initial two years of BL application to soil with a history of BL 
application did not influence trace metal leaching from soil.  
Brye and Pirani (2006) evaluated trace metal uptake by tall fescue throughout the 
growing season following the first BL application.  Prior to litter application, Brye and Pirani 
(2006) reported above-ground dry matter (DM) production to be similar for all plots.  Likewise, 
plant tissue concentrations of Fe, Mg, Mn, Se, Cu, Zn and Al were reported to be similar 
between treatments, but temporal effects demonstrating a decrease in tissue Cu concentrations 
and an increase in Zn and Al tissue concentrations were reported prior to initial BL application.  
After BL treatment, Brye and Pirani (2006) reported increased DM production in plots receiving 
BL when compared to unamended control plots, but there was no difference between the two BL 
treatments that received BL.  Fescue tissue concentrations of Al, Cu, Fe, Mg, Mn, Se and Zn 
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were unaffected by BL application rate. The 7.5 month cumulative uptake of Cu, Mg, Mn, Se, 
and Zn by fescue was shown to increase with BL application rate, and was attributed to increased 
DM production associated with increased BL rates (Brye and Pirani, 2006). 
Menjoulet (2007) summarized the first four years (i.e., 2003 to 2007) of BL application 
rate effects on seasonal and annual plant nutrient and trace metal runoff from the tall- fescue-
dominated pasture soil. Important results from this initial 4-yr runoff study showed a lower than 
expected 4-yr cumulative runoff, 6 mm, < 0.1 % of cumulative rainfall for the same time period, 
which was attributed to a moderately high hydraulic conductivity of the soil that allowed greater 
infiltration than runoff (Menjoulet et al., 2009).  The FWM concentration of total dissolved P in 
runoff was reported to increase with increased BL application rate and FWM runoff 
concentration of Fe was greater for the high- compared to the low-litter treatment.  Menjoulet et 
al. (2009) also reported that the annual FWM As concentration in runoff exceeded the 
Environmental Protection Agency’s maximum contamination level for As in drinking water.  
The 4-year cumulative runoff mass loss of Cd was greater from the low-litter treatment than the 
unamended control or high- litter treatments.  Also, increased BL rate increased Fe cumulative 
runoff loss.  Menjoulet et al. (2009) indicated that non-regulated non-point runoff P 
concentrations from BL-amended soils may attain concentration levels of the same order of 
magnitude as regulated point sources.  Runoff concentrations and loads of all other plant 
nutrients (i.e., NO3-N, NH4-N, dissolved-P, DOC, Ca, K, Mg, and Na), runoff concentrations of 
trace metals (i.e., Cr, Cu, Mn, Ni, Se, and Zn) and runoff loads of trace metals (i.e., Cd, Cr, Cu, 
Mn, Ni, and Zn) were unaffected by BL application rate (Menjoulet et al., 2009). 
Daigh (2009) investigated BL application rate effects on changes in soil storage of plant 
nutrients and trace metals over a 5-yr period (i.e., 2003 to 2008).  Important general soil 
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chemical property results from this initial soil-storage-change study included an increase in soil 
organic matter within the 0- to 10-cm depth interval due to increased BL application rate.  Soil 
pH was also observed to increase with increased BL application rate.  Daigh et al. (2009) 
proposed that the observed decreases in dissolved organic carbon within all BL treatments may 
have been due to losses associated with soil respiration.  
Daigh et al. (2009) also explored acid-recoverable (AR), Mehlich III extractable (M3) 
and water-extractable (WE) nutrient and trace metal content changes.  With the exception of Na 
and Cu, AR nutrient and trace metal content changes were influenced primarily by soil profile 
depth, rather than BL application rate.  Soil depth x BL rate interactions were reported for AR 
Na and Cu soil content changes over the 5-yr study.  Soil AR Cu contents increased with 
increasing BL application rate in the top 10 cm, but showed no difference at depths from 10 to 
90 cm.  Soil AR Na contents increased in plots receiving BL and decreased in the control.  Acid-
recoverable soil P and Ca contents were reported to have increased with the largest BL 
application rate compared to the low BL treatment and unamended control (Daigh et al., 2009). 
Daigh et al. (2009) reported significant differences in M3-extractable soil Na contents as 
BL application rate increased.  The unamended control lost Na, while the BL-treated plots were 
accumulating M3-extractable Na.  Likewise, M3-extractable soil Zn and Cu were reported to 
increase with BL application, although that from the two litter rates did not differ from one 
another. 
Daigh et al. (2009) also reported that WE soil contents of P, Mg, Fe, and Al increased in 
the high- litter treatment (11.2 Mg ha-1), but were equivalent for the unamended control and low-
litter (5.6 Mg ha-1) treatments.  In a similar manner, WE soil Na content increased with 
increasing BL rate, where WE soil Na content differed among all treatments. 
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In a separate study, Daigh et al. (2010) evaluated the effects of water extractant, dilution 
ratio, and extraction time on the chemical properties of BL extracts and observed no difference 
between rainwater and deionized water as an extractant for BL constituents.  Daigh et al. (2010) 
also reported extractant concentrations generally increased as extraction time increased from 5 
minutes to 24 hours.  However, DOC concentrations were observed to decrease at extraction 
times greater than six hours, which was inferred to be due to microbial activity and consumption.  
Daigh et al. (2010) recommended at least 30 minutes, but less than 6 hours, for extraction times 
of BL, while no optimal dilution ratio was suggested.  
McDonald et al. (2009) conducted a soil sorption study to evaluate the effects of BL 
application history and soil depth on As sorption characteristics.  McDonald et al. (2009) 
reported that As adsorption decreased as BL application rate increased.  Additional results 
included greater As adsorption deeper in the profile (20-50 cm depth interval) than in surface (0-
20 cm depth interval) soil.  Also, soil clay content had a greater effect on As adsorption than did 
soil organic matter concentration.  McDonald et al. (2009) reported As adsorption doubled when 
P was present in the supernatant solution when compared to supernatant solution without P.  It 
was proposed that the supernatant solution Ca2+ cation may have precipitated with As and/or P 
thus removing As and /or P from the solution phase.  McDonald et al. (2009) concluded that soil 
adsorption of As was dependent on BL application history and thus a single adsorption isotherm 
would not be adequate to explain As adsorption within soil with a history of BL application. 
Most recently, a study was conducted to investigate trends in above-ground DM yield 
following differential BL application (Brye et al., 2010).  Brye et al. (2010) reported that 
although cessation of BL application immediately decreased DM production, yields from the 
unamended control remained relatively high compared to other forage yields reported by other 
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investigators.  Brye et al. (2010) concluded that soils with a long history of BL applications can 
continue to maintain adequate DM yields even after six years without BL amendments. 
 
Justification 
To ascertain the effects of BL application rate on the fate and transport of litter-derived 
plant nutrients and trace metals, a long-term study needs to be conducted where similar 
measurements are taken over an extended period of time (i.e., > 5 years) and are summarized 
annually and cumulatively over the entire study period.  This type of long-term study can 
examine the effect of inter-annual climatic variability, such as changes in rainfall and air 
temperature from year to year on the fate and transport of BL-derived nutrients and metals.  
These data should provide scientists, policy makers, and regulators with the best assessment of 
the long-term effects, or possible risks, of BL application to soil. 
 
Objectives and Hypotheses 
The objectives of the proposed study are to determine the long-term effects of BL 
application rate to a silt- loam pasture soil on 1) drainage, soil leachate chemistry, and elemental 
leaching losses; 2) runoff, runoff chemistry, and elemental runoff losses and; 3) soil respiration 
and carbon losses.  It was hypothesized that continued annual additions of BL would 1) increase 
mean annual leachate pH and EC, as well as annual FWM leachate concentrations and loads of 
BL-derived DOC, NO3-N, Ca, Mg, Na, Cd, Cu, Fe, Ni, and Zn relative to an unamended control 
over the 8-yr study period; 2) have no effect on annual drainage and annual FWM leachate 
concentrations and loads of BL-derived NH4-N, PO4-P, K, P, As, Mn, and Se relative to an 
unamended control over the 8-yr period; 3) increase FWM leachate concentrations and 
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cumulative loads of DOC, NO3-N, Ca, Mg, Na, Cd, Cu, Fe, Ni, and Zn relative to an unamended 
control over the 8-yr period; 4) increase mean annual runoff pH and EC, as well as annual FWM 
runoff concentrations and loads of BL-derived DOC, PO4-P, As, Ca, Cd, Cu, Cr, Fe, Na, Ni, P, 
and Se relative to an unamended control during the 8-yr period; 5)  have no effect on annual 
FWM runoff concentrations and loads of BL-derived NO3-N, NH4-N, Mg, Mn, and Zn relative to 
an unamended control over the 8-yr period; 6) decrease mean annual runoff and annual FWM 
runoff K concentrations and loads relative to an unamended control over the 8-yr period and; 7) 
and  increase surface soil respiration and annual CO2-C emissions relative to an unamended 
control over a 3-yr period.  Additionally, it was hypothesized that temporal variations in soil 
respiration would be related to soil moisture and temperature and that these relationships may 
vary by BL application rate. 
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Table 1-1.  Mean annual broiler litter composition averaged 
over an 8-yr period and annual mean maxima and minima.  
Litter was applied to a silt- loam soil at the Agricultural 
Research and Extension Center in Fayetteville, Arkansas.   
 
 Mean Annual Mean Mean  
Litter Property Composition Maximum Minimum  
Moisture (kg kg-1) 0.24 0.27 0.21  
pH 8.4 8.8 8.0  
EC† (dS m-1) 11.9 14.8 9.8  
NO3-N (mg kg
-1) 207 513 38  
NH4-N (mg kg
-1) 4640 7183 2877  
     
Total Elements     
   C (%) 37.1 39.5 33.9  
   N (%) 4.4 5.3 4  
   P (%) 2.2 2.6 1.6  
   K (%) 3.5 4.4 2.9  
   Ca (%) 3.7 4.4 2.9  
   Mg (%) 0.7 0.8 0.6  
   S (%) 1.1 1.6 0.6  
   Na (mg kg-1) 9098 16094 3857  
   Al (mg kg-1) 347 558 243  
   Fe (mg kg-1) 413 613 197  
   Mn (mg kg-1) 568 751 421  
   Zn (mg kg-1) 510 645 395  
   Cu (mg kg-1) 496 678 298  
   B (mg kg-1) 52.6 60.9 46.5  
   Ni (mg kg-1) 10.4 16.1 5.9  
   Cd (mg kg-1) 0.19 0.60 0.05  
   Cr (mg kg-1) 7.7 15.6 3.1  
   As (mg kg-1) 26.8 39.9 19  
   Se (mg kg-1) 3.5 7.3 1.6  
† EC, electrical conductivity. 
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Figure 1-1.  United States commercial broiler production by year.  Broiler production within the 
United States has steadily increased over the last half of the 20th century.   Data were extracted 
from USDA-NASS (2010). 
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Figure 1-2.  Soil mass balance flow diagram. 
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Appendix 1-1.  Local geology of the study site located at the University of Arkansas Agricultural 
Research and Extension Center in Fayetteville, Arkansas.  Plots were established on the 
weathered Cane Hill Member of the Hale Formation.  The Cane Hill Formation is the lower of 
two members of the Hale Formation and its lower contact boundary marks the Mississippian-
Pennsylvanian boundary in the Ozark Plateaus region.  The Cane Hill Member is composed of 
fine-grained sandstone in the research area (figure modified from AGS, 2014b). 
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Arkansas Geological Survey (ASG).  2014a.  Stratigraphy  and the state geology map [Online].  
Available at http://www.geology.ar.gov/geology/pennsylvainan.htm (verified 16 Feb 
2014). 
 
Arkansas Geological Survey (ASG).  2014b.  Stratigraphy – stratigraphic summary of the Ozark 
Plateaus Region [Online].  Available at http://www.geology.ar.gov/geology/strat_ozark_ 
plateaus.htm (verified 16 Feb 2014). 
  
64 
 
Appendix 1-2.  Research area plot diagram and broiler litter application treatments (control, 0; 
low, 5.6; and high, 11.2 Mg dry litter ha-1).  Taken from Pirani (2005). 
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Chapter Two 
 
Long-term Drainage and Leachate Water Quality Trends from a  
Broiler Litter-amended Udult in the Ozark Highlands 
  
66 
 
Abstract 
Producers in regions with intense broiler (Gallus gallus) production take advantage of the 
plant nutrients contained in broiler waste products like broiler litter (BL) to enhance yields of 
forage grasses.  However, application of BL to pasturelands in karst regions like the Ozark 
Highlands can potentially reduce water quality due to leaching of BL-derived nutrients and trace 
metals.  The objective of this study was to determine long-term linear trends in drainage and soil 
leachate water quality under natural precipitation from a Captina silt- loam soil (fine-silty, 
siliceous, active, mesic Typic Fragiudult) with a history of litter applications under forage 
management amended annually with BL at three application rates [0 (control), 5.6 (low), and 
11.2 (high) Mg BL ha-1].  Automated equilibrium tension lysimeters were used to continuously 
monitor and collect leachate from an undisturbed soil profile at a depth of 0.9 m for the 8-yr 
period from May 2003 through April 2011.  Leachate pH, oxidation-reduction potential (ORP), 
electrical conductivity (EC), and soluble plant nutrients (i.e., NO3-N, NH4-N, PO4-P, Ca, K, Mg, 
Na, and P), trace metals (i.e., As, Cd, Cr, Cu, Fe, Mn, Ni, Se, and Zn), and dissolved organic 
carbon (DOC) were measured.  Annual flow-weighted-mean (FWM) concentrations and annual 
loads were determined.  Average annual drainage and leachate pH, EC, FWM concentrations, 
and loads of NO3-N, PO4-P, Cd, Cr, K, P, Zn, and DOC did not vary over the 8-yr period and 
were unaffected by BL application rate. Average annual FWM concentrations and loads of NH4-
N, As, Mn, and Ni decreased, while Cu and Se increased during the 8 years, but were also 
unaffected by BL rate.  Continued annual additions of BL increased average annual FWM 
leachate Na concentrations relative to the unamended control.  Eight-year cumulative leaching 
loads of NH4-N, C, N, P, Mn, and Cu represented less than 2% of that applied in litter treatments, 
while cumulative leaching loads of NO3-N, K, Ca, Na, Mg, Zn, Fe, As, Ni, and Cr represented 
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between 9 and 99% of that applied in BL.  Cumulative leaching loads of Se and Cd exceeded 
100% of that applied in BL.  Results indicate that pasturelands with a history of BL application 
may continue to release BL-derived metals, such as As and Se, at concentrations harmful to 
health regardless of current management practice long after litter application has ceased.  Results 
for Na, a relatively mobile cation in soil, required 8 yrs to identify BL-induced leaching changes, 
suggesting that less mobile cations, like Ca, will require longer observational periods, perhaps 
decades, to document BL-induced leaching changes.  
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Introduction 
Nationwide, the United States produced 8.4 billion broiler chickens (Gallus gallus) in 
2012, with the top five states, Georgia, Alabama, Arkansas, North Carolina, and Mississippi, 
producing 4.9 billion broilers (USDA-NASS, 2013).  Broiler production at this scale generates 
large quantities of waste in relatively small geographic regions that must be managed.  Referred 
to as broiler litter (BL), the waste is a mixture of excreta, feathers, feed, and bedding material, 
such as rice (Oryza sativa L.) hulls, saw dust, or straw, and is generated at a rate of 1.1 to 1.5 Mg 
BL per 1000 birds (UADACES, 2002).  In 2012, Arkansas produced 1.0 billion broilers and an 
estimated 1.1 to 1.5 million Mg of BL, the majority of which was concentrated in the Ozark 
Highlands region (Major Land Resource Area 116A) of northwest Arkansas. 
  Broiler litter contains numerous plant nutrients, such as nitrogen (N) and phosphorus (P), 
and is often land applied to pastures in the Ozark Highlands to increase yields of tall fescue 
(Lolium arundinaceum Shreb.) and other forages (Hileman, 1973; Huneycutt et al., 1988; Brye et 
al., 2010).  In addition to water-soluble nutrients, and until July 2011, BL also contained trace 
metals, such as arsenic (As), cadmium (Cd), copper (Cu), selenium (Se), and zinc (Zn) (Kunkle 
et al., 1981; van der Watt et al., 1994; Daigh et al., 2010; D’Angelo et al., 2012).  Because of 
economic limitations associated with BL transportation, some pasture soils have received annual 
BL amendments for many decades, resulting in excessive accumulation of some nutrients and 
metals in the soil (van der Watt et al., 1994; Daigh et al., 2009).   If BL-derived nutrients and 
metals were to become mobile and subsequently leave the site of application, detrimental 
environmental effects could occur.   
The southern portion of the Ozark Highlands, which encompasses all of northwest 
Arkansas, is characterized by well-developed karst topography made possible by the extensive 
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presence of soluble carbonate rock (Scott and Ward, 2002).  The formation of caves and 
preferential water pathways in the bedrock allows free exchange of water between surface water 
and groundwater.  For example, soil water may drain into a preferential flow pathway where it 
moves laterally, hindered only by slope, then discharge as a spring into a losing stream where the 
process repeats.  Because of the unhindered movement of water between surface water and 
groundwater, anthropogenic activities, including BL amendments to pasturelands, may 
contaminate surface and groundwater resources (MacDonald et al., 1976; Fetter, 2001; Peterson 
et al., 2002; Scott and Ward, 2002; Graening and Brown, 2003; Stueber and Criss, 2005; USDA-
NRCS, 2006). 
The Ozark Highlands, specifically northwest Arkansas, is also an area with increasing 
population.  In northwest Arkansas, populations in Benton and Washington Counties have 
increased 127 and 79%, respectively, between 1990 and 2010 (USCB, 2013a, b, c).  As the 
population grows, water demands also increase.  Domestic drinking water in northwest Arkansas 
is not supplied from surface water alone; there are many rural residents that use groundwater as 
their primary source of household and drinking water.  Therefore, to maintain high water quality 
among all sources of water within the Ozark Highlands, where significant amounts of BL are 
land applied, the effects of land-applied BL on the potential leaching of BL-derived, soluble 
constituents needs to be studied. 
Many previous studies examining the potential leaching of BL-derived nutrients and trace 
metals have generally been limited in scope or collection techniques, have been rainfall 
simulations (Brock et al., 2007), have been relatively short in duration (i.e., < 3 yr; Pirani et al., 
2006; Pirani et al., 2007; D’Angelo et al., 2012), and have been in response to natural 
precipitation.  Many studies have been limited to only a few BL-derived plant nutrients, 
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particularly N and P.  Nitrogen, in the form of nitrate-N (NO3-N), is important to study because 
NO3-N is highly mobile in soil, is susceptible to leaching, and at elevated concentrations in 
groundwater used for drinking is the cause of methemoglobinemia in human infants and 
ruminant animals, which in rare cases can lead to death.  Both inorganic fertilizer (Brye et al., 
2001; Agele et al., 2004; Brye and Norman, 2004; Dominquez et al., 2004) and BL amendments 
(Adams et al., 1994; Agele et al., 2004) to soil have been reported to increase NO3-N leaching.  
Phosphorous has also been extensively studied because P can contribute to nutrient enrichment 
or eutrophication of surface water when P-laden overland flow (i.e., runoff) enters waterways.  In 
general, P is considered immobile in soil and has been reported to accumulate in soils amended 
with animal wastes (Brock et al., 2007), including BL (Daigh et al., 2009).  However, in the past 
few decades, preferential flow of P has been reported (Simard et al., 2000) as well as increased P 
leaching associated with increased subsoil P-saturation (Brock et al., 2007) suggesting that 
groundwater quality could be jeopardized in areas with histories of BL application.  Other BL-
derived nutrients and trace metals have not been as extensively studied as N and P and could 
potentially pose risks to water quality.  Karathanasis et al. (2005) reported that BL-extracted, 
biosolid-chelates increased Cu and Zn leaching from soil.  In addition, trace metals have even 
been reported to leach from non-BL-amended soil (Jones and Belling, 1967; Peryea and 
Kammereck, 1997; McLaren et al., 2004). 
Soil leachate collection techniques have generally used zero- or fixed-tension to collect 
soil water from either a defined or undefined collection area.  Because soil matric potentials are 
dynamic, soil water samples collected under zero- or fixed-tension may not accurately represent 
natural drainage patterns.  Additionally, sampling from an undefined collection area does not 
allow accurate calculation of nutrient and metal loads.  However, equilibrium tension lysimeters 
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(ETLs; Brye et al., 1999) alleviate some of the weaknesses of previous measurement techniques.  
By installing heat dissipation sensors in bulk soil adjacent to a pan lysimeter with a known 
collection area, Brye et al. (1999) were able to monitor the bulk-soil matric potential and then 
adjust suction within a pan lysimeter to reflect fluctuating soil moisture conditions and hydraulic 
gradients.  With the addition of an automated control system, Masarik et al. (2004) were able to 
monitor and adjust lysimeter suction in real time to more realistically mimic naturally occurring 
hydraulic gradients and resulting drainage within undisturbed soil.  The only studies to use 
automated ETLs (AETLs) to examine drainage from BL-amended soil focused on BL 
application rate effects on seasonal and annual plant nutrient (Pirani et al., 2007) and trace metal 
(Pirani et al., 2006) leaching within the first two years of initiating new BL applications to soil 
that had high soil test-P originating from historic BL additions.   
Since soils with a history of BL amendments continue to receive BL in karst areas, like 
the Ozark Highlands, it is necessary to identify long-term leaching trends of nutrients and metals 
to protect surface and groundwater resources.  However, only short-term seasonal and annual 
leaching patterns associated with BL application rate have been documented for nutrients (Pirani 
et al., 2007) and heavy metals (Pirani et al., 2006) using AETLs, and no study has evaluated 
long-term (i.e., > 5 years) leaching trends from BL-amended soil in response to natural 
precipitation using AETLs.  Therefore, the objective of this study was to determine long-term 
linear trends in drainage and soil leachate water quality under natural precipitation from a 
Captina silt- loam soil (fine-silty, siliceous, active, mesic Typic Fragiudult) under forage 
management amended annually with BL at three application rates [0 (control), 5.6 (low), and 
11.2 (high) Mg BL ha-1] after having a history of BL amendments.  It was hypothesized that 
continued annual additions of BL would increase mean annual leachate pH and EC, as well as 
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annual FWM concentrations and loads of BL-derived DOC, NO3-N, Ca, Mg, Na, Cd, Cu, Fe, Ni, 
and Zn relative to an unamended control over the 8-yr study period. Similarly, it was 
hypothesized that continued annual additions of BL would have no effect on annual drainage and 
annual FWM concentrations and loads of BL-derived NH4-N, PO4-P, K, P, As, Mn, and Se 
relative to an unamended control.  In addition, it was hypothesized that eight years of continued 
BL application would increase 8-yr FWM concentrations and cumulative loads of DOC, NO3-N, 
Ca, Mg, Na, Cd, Cu, Fe, Ni, and Zn relative to an unamended control.  
 
Materials and Methods 
Site Description 
Research was initiated in 2002 (Pirani et al., 2006) at the Agricultural Research and 
Extension Center in Fayetteville, Arkansas (36°05’49.18”N 94°10’44.65”W; elevation: 394.7 
m).  Six plots, 6-m long by 1.5-m wide, were selected on a Captina silt loam (fine-silty, siliceous, 
active, mesic Typic Fragiudult; USDA-NRCS, 2013), with a 5% west-to-east slope (Pirani et al., 
2006).  All plots had a history of land-applied BL prior to 2002 and were initially chosen based 
on similar soil pH [6.2 (standard error = 0.5)] and high Mehlich-3 extractable P [210 (24) mg kg-
1] in the top 5 cm (Pirani et al., 2006).  Soil particle-size distribution was determined by Pirani 
(2005) prior to the study’s initiation to a depth of 85 cm with the soil textural class in the 0 to 10 
cm depth interval confirmed to be silt loam with 63 % silt and 5.5 % clay.  Pirani et al. (2006) 
also reported increasing clay content with increasing soil depth to 85 cm and a significant 
textural class change from silt loam to clay loam in the 65 to 85 cm depth interval.  Plots had 
previously been used in runoff studies and were equipped with steel edging to prevent surface 
water runon as well as to channel runoff from within the plots to aluminum collection gutters 
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positioned on the down-slope end of each plot.  Initially, ground cover was predominately tall 
fescue (Lolium arundinaceum Shreb.; Pirani, 2005), but in recent years other species have 
become increasingly common {i.e., clover (Trifolium spp.), Johnson grass [Sorghum halepense 
(L.) Pers.] and Bermuda grass (Cynodon dactylon L.)}.   
The 30-year mean annual air temperature and precipitation in Fayetteville, AR is 13.9 °C 
and 123 cm, respectively (NOAA, 2013).  The average date of the first frost is Oct 17 and the 
average date of the last frost is April 15 (NOAA, 2013). 
 
Experimental Design 
 The six field plots were arranged in a randomized complete block design with two 
replications to evaluate BL application rate effects on drainage and soil leachate chemistry.  The 
field treatments in this study included three BL application rates imposed annually as a single 
application.  A control treatment received no annual BL or inorganic fertilizer.  A low (5.6 Mg 
dry litter ha-1) and high (11.2 Mg dry litter ha-1) BL rate treatment were established based on the 
current University of Arkansas Cooperative Extension Service’s litter application 
recommendations when the study began in 2002 (Pirani et al., 2006).  However, BL application 
recommendations in Arkansas have since changed and are now based on the Phosphorus Index 
(DeLaune et al., 2004a, b; DeLaune et al., 2006).  Despite the change in recommended BL 
application rate, BL treatment application rates have remained unchanged throughout the study 
in order to maintain treatment consistency over time.  
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Lysimeter Instillation 
 Automated, stainless steel, equilibrium tension lysimeters (76.2-cm long by 25.4-cm 
wide; Masarik et al., 2004) were installed under each of the six plots in late summer 2002 (Pirani 
et al., 2006).  The stainless steel, 0.2-µm, porous collection plates were positioned for a soil 
interface at a depth of 90 cm under an undisturbed soil column (Pirani et al., 2006).  Soil matric 
potentials were automatically monitored every 10 minutes via heat dissipation sensors (229-L; 
Campbell Scientific, Logan, UT) placed in the bulk soil at the 90-cm depth.  A vacuum pump 
(TD-2N; Brailsford and Company, Rye, NY) was installed to remove leachate from the soil 
column in response to the natural fluctuations of the monitored soil matric potentials.  Similar to 
Brye et al. (1999), the vacuum applied to remove leachate was equivalent to 2 kPa less than the 
measured matric potential in the bulk soil to avoid ponding above the porous plate.  Additional 
information regarding lysimeter installation (Brye et al., 1999; Pirani et al., 2006; and Pirani et 
al., 2007) and datalogger programming (Masarik et el., 2004) have been previously reported. 
 
Broiler Litter Analyses and Application 
Broiler litter was manually applied to plots once annually starting 30 April 2003.  
Application occurred approximately the first week of May each year.  The BL used in this study 
had been collected from a single chicken house after production of 6 to 8 flocks, had an age 
ranging from 12 to 18 months, and had bedding material composed of an equal mixture of 
sawdust and rice hulls (Pirani et al., 2006).  Prior to application, BL moisture was determined so 
dry-weight-equivalent amounts of BL could be calculated for each plot receiving BL.  Three BL 
sub-samples were collected each year prior to application and characterized using procedures for 
manure analysis (Peters, 2003).  Litter pH and EC were determined potentiometrically using a 
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1:2 BL mass to water volume mixture.  Litter NO3-N and NH4-N concentrations were 
determined using a Skalar San Plus automated wet chemistry analyzer (Skalar Analytical B.V., 
The Netherlands) after extraction with 2 M potassium chloride.  Total C and N were determined 
by high-temperature combustion using a LECO CN-2000 analyzer (LECO Corp., St. Josseph, 
MI).  Total Ca, Cu, Fe, K, Mg, Mn, Na, P, S, and Zn were determined by inductively coupled 
argon plasma mass spectrometry (ICP; CIROS CCD model, Spectro Analytical Instruments, 
MA) after nitric acid digestion and treatment with hydrogen peroxide.  Similarly, ICP was used 
to determine total recoverable Al, As, Cd, Cr, Ni, and Se after digestion with nitric and 
hydrochloric acid, hydrogen peroxide, and heat (USEPA, 1996).   
 
Leachate Collection and Analyses 
Beginning immediately after the 2003 BL application, leachate solution was collected 
from lysimeters using a separate vacuum pump approximately every two weeks during dry 
periods or more frequently as needed.  The volume of leachate, pH, EC, and oxidation-reduction 
potential (ORP) were measured after collection.  Leachate sub-samples were filtered using a 1.6-
µm glass microfiber filter.  Once filtered, three, 20-mL aliquots were acidified and three aliquots 
were left unacidified.  Samples were then stored at 4 °C until chemical analyses could be 
performed.   
Total dissolved As, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Se and Zn concentrations 
were determined by ICP on acidified aliquots.  Total DOC was determined using a Shimadzu 
Total Organic Carbon Analyzer (Model TOC-CSH, Shimadzu Scientific Instruments, Columbia, 
MD) on unacidified aliquots.  Acidified aliquots were also used to determine ammonium-N 
76 
 
(NH4-N) and PO4-P and unacidified aliquots were used to determine NO3-N concentrations using 
a Skalar San Plus automated wet chemistry analyzer.     
 
Plot Management 
Plots were regularly monitored and maintained since 2002.  Above-ground biomass was 
removed using a bagging push mower eight times in 2003 and 2004 and four times (i.e., first 
week of May, June, July, and September) annually thereafter to a height of 9 cm as to mimic hay 
harvesting.  Prior to mowing each year, two randomly selected, 0.25-m2 subsamples were hand 
collected and combined from each plot.  Samples were dried at 55 °C for 5 d in a forced-air drier 
and weighed for dry matter (DM) determination.  Above-ground DM production was summed 
annually.   
Precipitation was also monitored by two on-site rain gauges.  A simple funnel-reservoir 
system collected precipitation and a micrometeorological weather station monitored wind speed, 
air temperature, relative humidity, total solar radiation, photosynthetically active radiation, and 
rainfall via a tipping bucket every 30 min.  
 
Calculations 
Flow-weighted mean leachate concentrations (mg L-1) and leachate loads (kg ha-1) were 
determined annually and cumulatively for the entire 8-yr period for each dissolved soil leachate 
constituent measured.  For the purpose of this study, a year was designated as starting the day BL 
was applied in late April or early May of one year and ending the day before BL was re-applied 
in the following calendar year.  Flow-weighted mean concentrations were calculated by dividing 
the total elemental mass collected from the lysimeters (i.e., leached) during the time period of 
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interest from each plot by the total drainage for the same time period from the same plot.  Loads 
were calculated by dividing the total elemental mass leached for a given plot during the time 
period of interest by the lysimeter collection area (0.1935 m2).  Similarly, annual and 8-yr mean 
pH, EC, and ORP were calculated for each plot.  In order to ascertain the effects of BL treatment 
on the Na status of annual leachate at the beginning and end of the study, annual leachate sodium 
adsorption ratio (SAR) was calculated for each plot for the 2003 and 2010 study years using Eq. 
2-1: 
SAR = [Na+] / (0.5[Ca2+] + 0.5[Mg2+])0.5   [Eq. 2-1] 
where [Na+], [Ca2+], and [Mg2+] are the annual measured FWM leachate concentrations 
expressed in mEq L-1 of Na, Ca, and Mg, respectively (Bresler et al., 1982). 
 
Statistical Analysis 
Analysis of variance (ANOVA) was used to identify BL application rate effects on 
annual and 8-yr cumulative DM production using the PROC MIXED procedure in SAS (version 
9.2; SAS Institute Inc., Cary, NC) while treating blocks as a random variable.  When appropriate, 
means were then separated using a protected least significant difference (LSD) at α = 0.05.   
Analysis of covariance (ANCOVA) was used to identify BL application rate (covariate) 
effects on the relationship between drainage; mean annual leachate pH, EC, and ORP; and 
annual FWM leachate concentrations and leachate loads of NO3-N, NH4-N, PO4-P, DOC, As, 
Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Se, and Zn (dependent variables) over the 8-year 
period (time, independent variable) using the PROC MIXED procedure in SAS while treating 
blocks as a random variable.  Initially, a full model was used to test for different slopes among 
BL treatments.  If slopes were similar, a second, reduced model was used to test for different y-
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intercepts among BL treatments.  When appropriate, slopes and y- intercepts were estimated and 
then separated using contrast statements at α = 0.05.  In cases where BL and time had no effect, 
treatment means, overall grand mean, and standard error of the mean were calculated for 
informational purposes.  The blocking variance was also determined and expressed as a 
percentage of total variance by dividing the blocking estimate for a given soil leachate property 
by the sum of the blocking and error estimates for that soil leachate property and then 
multiplying by 100.  In addition, relationships between annual precipitation, drainage, DM, and 
leachate dependent variables were assessed by Pearson’s correlation analysis using the PROC 
CORR procedure in SAS. 
Analysis of variance was also used to identify BL application rate effects on 8-yr 
cumulative drainage; 8-yr mean pH, EC, and ORP; and 8-yr FWM leachate concentrations and 
cumulative leachate loads and the percent of leached parameter relative to the amount applied in 
BL for NO3-N, NH4-N, PO4-P, DOC, As, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Se, and Zn 
using the PROC MIXED procedure in SAS while treating blocks as a random variable.  When 
appropriate, means were separated using a protected LSD at α = 0.05.  In cases where BL had no 
effect, treatment means, overall grand mean, and standard error of the mean were calculated.  
Similarly, ANOVA was used to identify BL application rate effects on leachate annual SAR 
separately for study years 2003 and 2010. 
 
Results and Discussion 
Pre-treatment Uniformity 
 Since field plots used in this study had received organic amendments prior to 2002 when 
AETLs were installed, it was necessary to address pre-treatment plot uniformity.  Three months 
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prior to the initial BL application in 2003, precipitation, runoff, drainage, and DM were 
monitored and soil samples were collected (Pirani et al., 2006).  During this 3-mo period, 179 
mm of precipitation fell, which was 98 mm below the 30-yr normal for the area during February, 
March, and April (Pirani et al., 2006).  The mean 3-mo cumulative runoff (Menjoulet et al., 
2009) and drainage (Pirani et al., 2006) prior to the first BL application did not differ among pre-
assigned BL treatments.  In addition, mean runoff EC and FWM runoff concentrations of NO3-
N, NH4-N, DOC, As, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Se, and Zn did not differ among 
pre-assigned BL treatments during the 3-mo period (Menjoulet et al., 2009).  Similarly, mean 
leachate pH, EC, and ORP (Pirani et al., 2006) as well as FWM concentrations and loads of 
DOC (Pirani et al., 2006), NO3-N, NH4-N, Ca, K, Mg, Na, and P (Pirani et al., 2007) and FWM 
leachate concentrations of Mn, Ni, and Zn (Pirani et al., 2006) at the 90-cm depth did not differ 
among pre-assigned BL treatments.  In the three months prior to initial BL application, total DM 
did not differ among pre-assigned BL treatments (Pirani et al., 2006).  Soil pH, EC, and organic 
matter concentration did not differ among pre-assigned BL treatments for any 10-cm soil depth 
interval to a depth of 90 cm (Pirani et al., 2006).  Similarly, total recoverable soil Cd, Cu, and Zn 
and Mehlich-3 extractable soil P, K, Ca, Mg, and Na did not differ among pre-assigned BL 
treatments for any 10-cm depth interval prior to the first BL application in 2003 (Pirani et al., 
2007).   
Based on the number of measured parameters that did not differ among pre-assigned BL 
treatments during the 3-mo period prior to the initial litter application in 2003, the plots in this 
study were assumed to be as uniform as reasonably could be expected (Brye and Pirani, 2006; 
Pirani et al., 2006; Pirani et al., 2007; Daigh et al., 2009; McDonald et al., 2009; Menjoulet et al., 
2009).  Therefore, it was also assumed that any subsequent observed differences were due to the 
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response to newly imposed BL treatments rather than to inherent differences among 
experimental plots (Pirani et al., 2006; Pirani et al., 2007; Menjoulet et al., 2009).   
 
Broiler Litter Composition 
 The mean annual composition of the BL used throughout this study was 37.1% C, 4.4% 
N, 3.7% Ca, 3.5% K, and 2.2% P on a dry-weight basis and had 24% moisture by mass when 
applied (Table 2-1).  Similar BL compositions have been previously reported in Pennsylvania 
(Kleinman et al., 2005), New York (Brock et al., 2007), Arkansas (Adams et al., 1994), and 
Nigeria (Agele et al., 2004).  The mean annual BL C:N ratio was 8.4 averaged over the 8-yr 
period and suggested that BL decomposition by soil microorganisms would have been relatively 
quick with a likely net increase in soil N levels that would have promoted plant growth.  The 
mean annual BL N:P ratio was 2.0 averaged over the 8-yr period and suggested that the BL used 
in this study supplied P in excess of plant growth requirements further suggesting that soil P 
concentrations would have also increased during this time period.  Daigh et al. (2009) reported 
acid-recoverable, Mehlich-3-extractable, and water-soluble soil-P increased with the addition of 
BL over the first 5 years of this 8-yr study period.  Mean annual inputs of nutrients and other 
constituents associated with BL treatments are summarized in Table 2-1. 
 
Precipitation 
 During the 8-yr period, annual precipitation at the study site averaged 1178 mm [standard 
error (SE) = 78] which was 4.4% below the 30-yr mean annual precipitation for Fayetteville, AR 
(1232 mm; NOAA, 2013).  Annual precipitation ranged from a low of 739 mm in 2005 to a high 
of 1508 mm in 2010 (Figure 2-1).  Study years 2003, 2006, 2007, 2008, and 2009 were within ± 
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7% of the 30-yr mean precipitation, while study years 2004 and 2005 were 13 and 40% below 
the 30-yr mean precipitation, respectively.  Study year 2010 exceeded the 30-yr mean by 22%.  
During the current study, Fayetteville, AR set three record highs for monthly precipitation totals: 
March 2008 (study year 2007, 255 mm), Oct 2009 (study year 2009, 272 mm), and April 2011 
(study year 2010, 388 mm).  Similarly, record least monthly total precipitation records were also 
set in Nov 2007 (study year 2007, 9 mm) and Aug 2010 (study year 2010; 0.5mm; NOAA, 
2013).   
 
Above-ground Dry Matter 
 Similar to previous studies (Huneycutt et al., 1988; Brye et al., 2010) and as would be 
expected, additions of BL increased DM relative to the unamended control (Table 2-2).  Annual 
above-ground DM production ranged from a low of 4.9 Mg ha-1 in the unamended control in 
2003 to a high of 21.6 Mg ha-1 in the high- litter treatment in 2010 (Table 2-2).  Brye et al. (2010) 
reported that, during the first 6 years of this study, DM production increased over time for both 
the low- and high-BL treatments, while DM in the unamended control did not change over time.  
From 2008 to 2010, annual DM did not differ (P > 0.05) among BL treatments because plant 
speciation shifts increased DM variability.  In June 2006, Johnson grass started to encroach into 
the research area, but contributed little to DM.  In July 2007, Johnson grass had become a 
prominent species contributing to DM in one of the six plots and was observed in two other 
plots.  Encroachment of Johnson grass continued throughout the remainder of the study.  In 
September 2008, Johnson grass was observed in five of six plots, and by November 2010 
Johnson grass was observed throughout the entire research area.  Eight-year cumulative DM 
production in the high-BL treatment was greater (P < 0.05) than the unamended control, but did 
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not differ (P > 0.05) from the low-BL treatment, which was also similar to the unamended 
control (Table 2-2). 
 As would be expected, annual DM and annual precipitation were positively correlated (r 
= 0.45, P < 0.01) during the 8-yr study period, indicating that approximately 20% of the 
observed variability in annual DM could be attributed to changes in annual precipitation.  Dry 
matter production and yield responses to irrigation and rainfall have been well-documented for 
forage grasses and crops (Jensen et al., 2001; Fay et al., 2003).  In contrast, annual DM and 
annual drainage were not correlated (r = -0.01, P = 0.96) during the 8-yr period. 
 
Drainage and Soil Leachate pH, EC, and ORP Trends over Time  
Broiler litter application rate effects on annual soil drainage and soil leachate chemical 
properties were analyzed by ANCOVA to determine if annual soil leachate properties changed 
over time.  Annual drainage, leachate pH, and EC were unaffected by BL application rate (P > 
0.05), time (P > 0.05), or their interaction (P > 0.05; Table 2-3; Figure 2-2) and were 
summarized by averaging over all treatment conditions (i.e., grand means; Table 2-4).  Annual 
drainage averaged 471 (SE = 51) mm yr-1, which represented 40% of the annual mean 
precipitation and ranged from a low of 0.9 mm in the low-litter treatment in 2005 to a high of 
1003 mm in the unamended control in 2006.  In 2005, annual drainage did not exceed 2.9 mm 
for any treatment because of low precipitation (i.e., 739 mm; Figures 2-1 and 2-2).  
Unexpectedly, annual drainage was not correlated (P = 0.08, Table 2-5) to annual precipitation.  
A possible explanation may be related to increased water demands associated with increased DM 
production observed in later years of the study causing reduced drainage even though 
precipitation was above normal during the same time period.  Similar to Pirani et al. (2006), 
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mean annual leachate pH and EC were unaffected by BL amendments.  Averaged over litte r 
treatment and time, mean annual leachate pH was 6.15 (SE = 0.05) and EC was 190 (SE = 10) 
µS cm-1 (Table 2-4).  Since soil pH has been reported to increase with additions of BL (Sharpley 
et al., 1993; Kingery et al., 1994; Daigh et al., 2009) and because BL contains base-forming 
cations (Table 2-1), it was hypothesized that annual leachate pH would increase over time in BL-
amended soil relative to the unamended control.  Although results reported here were 
unexpected, decreases in leachate pH have been reported at a depth of 70 cm in pasture and 
forest soils amended once with metal-spiked sewage sludge (McLaren et al., 2004).   
Mean annual leachate ORP decreased 7.1 mV yr-1 (Table 2-6) during the 8-yr period, was 
unaffected (P > 0.05) by BL application rate (Table 2-3, Figure 2-2), and negatively correlated to 
annual precipitation (r = -0.34, P = 0.02, Table 2-5).  Pirani et al. (2006) also reported no BL rate 
effect on annual leachate ORP during the first two years of monitoring after reintroducing BL to 
soil with a history of organic amendments.  
 
Leachate Concentration Trends over Time  
 Broiler litter application rate effects on annual FWM leachate nutrient and metal 
concentrations were analyzed by ANCOVA to determine if FWM leachate concentrations 
changed over time.  Annual FWM leachate Na concentration was the only monitored leachate 
parameter in the study to demonstrate an interaction between BL rate and time (P < 0.01, Table 
2-3) indicating that the relationship between annual FWM leachate Na concentration and time 
differed among BL treatment conditions (Table 2-3).  The slope of the linear relationship 
between annual FWM leachate Na concentration and time for the unamended control (-0.6 mg 
Na L-1 yr-1) did not differ from zero (P = 0.18), but was different than the significantly positive 
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slope (P < 0.01) for both treatments that received BL, which did not differ from each other (low- 
and high- litter slopes were 1.6 and 1.5 mg L-1 yr-1, respectively; Figure 2-3).  In addition, annual 
FWM leachate Na concentrations were positively correlated to annual precipitation (r = 0.29, P 
= 0.05, Table 2-5).  As hypothesized, long-term annual additions of BL-derived Na (Table 2-1) 
increased annual FWM Na concentrations in leachate relative to the unamended control.   
Although Pirani et al. (2007) reported no treatment effect on annual FWM leachate Na 
concentrations during the first two years of BL amendments, Daigh et al. (2009) reported that 
acid-recoverable, Mehlich-3-extractable, and water-soluble soil Na increased in all 10-cm depth 
intervals to a depth of 80-cm during the first 5 years of continued BL amendments.  Results 
indicate that the accumulation of BL-derived Na within the soil profile increased soil leachate Na 
concentrations observed in this study only after multiple consecutive annual applications of BL.  
Shepherd and Bennet (1998) reported similar, but slightly greater, FWM leachate Na 
concentrations of 22 and 57 mg L-1 at a depth of 1.5 m following a total application of 125 t BL 
ha-1 over a 3-yr period to sandy soil.   
Since high exchangeable Na in conjunction with low salt concentrations may cause 
swelling, dispersion, and reduced permeability in soil, which in turn may increase translocation 
of dispersed clay into lower soil horizons where clay films and clay pans may develop, which in 
turn could limit water movement, it was necessary to characterize annual leachate exchangeable 
Na.  To do this, the annual SAR was calculated and subjected to ANOVA to separately evaluate 
the first (2003) and last (2010) years of this study.  In 2003, SAR did not differ among BL 
treatments (P > 0.05); thus averaged over litter treatments, the mean annual SAR was 0.83 (SE = 
0.07).  In contrast, SAR in 2010 was affected by litter treatment (P < 0.05).  The unamended 
control had a mean SAR of 0.43, which differed (P < 0.05) from the high- and low-litter 
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treatments of 1.13 and 1.08, respectively, which did not differ from each other (P > 0.05).  
Although annual leachate SAR was relatively low compared to some irrigation waters in use, the 
low annual leachate EC of 190 µS cm-1 (Table 2-4) suggested that leachate water was relatively 
pure and, in conjunction with the observed SAR, suggests that soil structure would not be 
detrimentally affected (Bresler et al., 1982) at a depth of 90 cm with long-term BL applications.  
These results highlight the importance of long-term observational studies regarding BL 
amendments to soil because Na is a relatively mobile cation in soil and one of the first to be 
leached from a soil profile, but may require more than two years before deep leaching losses are 
observed in finer-textured soils amended with BL.   
 In contrast to annual FWM leachate Na concentrations, annual FWM leachate Fe 
concentration was affected by BL (P = 0.04) and time (P < 0.01), but not their interaction (P > 
0.05, Table 2-3) indicating similar slopes for the linear relationship between annual FWM Fe 
concentration and time across BL treatments, but different y- intercepts for the same relationship 
across BL treatments (Figure 2-3).  Averaged across all BL treatments, annual FWM leachate Fe 
concentrations decreased (-0.3 mg L-1 yr-1; P < 0.01) over time (Figure 2-3).  The y-intercepts 
were 0.24, 0.27, and 0.19 mg L-1 for the control, low, and high BL treatments, respectively.  
While the y-intercept for the unamended control did not differ from that for the low- (P = 0.26) 
or the high-BL (P = 0.22) treatments, the y- intercepts for the low- and high-BL treatments 
differed from one another (P = 0.02).  During the first two years of this study, Pirani et al. (2006) 
reported no BL-treatment effect on annual FWM leachate Fe concentrations, but observed a 
seasonal effect for BL.  During the spring of 2004, FWM leachate Fe concentrations from the 
low- and high- litter amended treatments were 0.09 and 0.07 mg L-1 , respectively, which were 
similar to each other, but greater than that for the unamended control (0.03 mg L-1; P = 0.04; 
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Pirani et al., 2006).  Pirani et al. (2006) attributed the spring effect in part to wet soil conditions 
that increased Fe mobility and thus increased Fe concentrations in the leachate.  
 In contrast to annual FWM Na concentrations, annual FWM leachate NH4-N, As, Mn, 
and Ni concentrations decreased over time (P ≤ 0.05) during the 8-yr period (Figure 2-4), but 
neither the slopes nor the y- intercepts for the linear relationships between these annual FWM 
concentrations and time were affected by BL treatment (P > 0.05; Table 2-3).  Annual FWM 
leachate NH4-N and Ni concentrations had greater concentrations and variances in 2005 than 
other years, presumably due to low drainage associated with below normal precipitation in 2005.  
Annual precipitation was negatively correlated (P < 0.01) to annual FWM leachate NH4-N (r = -
0.73) and Ni (r = -0.77, Table 2-5) concentrations.  Similarly, annual FWM leachate Ni 
concentrations and annual drainage were negatively correlated (r = -0.43, P < 0.01).  Averaged 
across litter treatments, annual FWM leachate NH4-N concentration decreased 0.03 mg L
-1 yr-1 
during the 8-yr study.  Similar to a 4-yr study by Brye et al. (2001) who used ETLs to monitor 
nitrogen and carbon leaching from a Plano silt loam soil in a tallgrass prairie restoration and two 
N-fertilized maize (Zea may L.) agroecosystems (no-tillage and chisel-plowed), leachate NH4-N 
concentrations did not exceed 1 mg NH4-N L
-1.  Pirani et al. (2007) also reported annual FWM 
leachate NH4-N concentrations to be unaffected by BL treatment during the first year after BL 
application.  However, during the second year, Pirani et al. (2007) reported that annual FWM 
leachate NH4-N concentration was greater in the low-litter treatment (0.04 mg L
-1) than in the 
unamended control (0.02 mg L-1).   
 Averaged across litter treatments, annual FWM leachate As concentrations decreased (P 
< 0.01) 0.01 mg L-1 yr-1 during the 8-yr period (Figure 2-4).  The first three years after BL 
application had greater annual FWM leachate As concentrations and increased variances than the 
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last 5 years of the study (Figure 2-4).  During the first three years for the litter-amended 
treatments and the first two years for the unamended control, annual FWM leachate As 
concentrations exceeded the National Primary Drinking Water Regulations’ Maximum 
Contaminant Level (MCL) of 0.01 mg L-1 (USEPA, 2009).  The explanation for the observed 
increase in leachate As concentrations and related variances during the first three years of the 
study is unclear.  If the reintroduction of BL amendments to soil with a history of BL 
amendments that had not received BL for some time was responsible, one would expect the 
unamended control to maintain a relatively low annual FWM leachate As concentration 
compared to the BL-amended treatments, similar to that observed in 2005 (Figure 2-4).  
However, because the unamended control also demonstrated increased leachate As 
concentrations in 2003 and 2004 relative to the last 5 years of the study, the elevated leachate As 
concentrations may be due to the change in management practices associated with the start of the 
study.  After three annual spring applications of 5 Mg BL ha-1 to a Maury silt- loam soil and 28 
drainage events between July 2007 and April 2009, D’Angelo et al. (2012) reported soil leachate 
collected at a 0.9-m depth using zero-tension pan lysimeters to have As concentrations below the 
level of detection (i.e., 0.005 mg L-1) and concluded that As was strongly retained by the soil.  
Similar to Pirani et al. (2006), annual soil FWM leachate As concentrations were 
unaffected by BL treatment throughout the entire 8-yr study.  Pirani et al. (2006) also reported a 
spike in leachate As concentration in 2003, 55 d after BL application in the high- litter treatment, 
which coincided with a leachate concentration spike in DOC, Se, Mn, and Fe.  In contrast to the 
results of the current study, Jackson et al. (2006) suggested that BL amendments to soil increased 
As solubility via increased competition for soil adsorption sites and increased complexation with 
BL-derived DOC.  Similarly, McDonald et al. (2009) reported increased As sorption in an 
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unamended control soil compared to soil receiving four consecutive years of BL amendments.  
In addition, Peryea and Kammereck (1997) reported an interaction between application of 
monoammonium phosphate and number of pore-volume displacements (i.e., the amount of 
leaching or drainage) to increase soil leachate As concentrations from an arsenate-contaminated, 
loam topsoil collected from an apple orchard.   
During the course of the current study, annual FWM leachate As concentrations exceeded 
the National Primary Drinking Water Regulations’ Maximum Contaminant Level (MCL) of 
0.01mg L-1 (USEPA, 2013) in all years except 2006 and 2007.  In 2005, only the annual FWM 
leachate As concentration for the unamended control remained below the MCL, while that for 
the BL-amended treatments exceeded the MCL (Figure 2-4).  Because the unamended control 
exceeded the MCL for As long after BL amendments had ceased, it is possible that soil with a 
history of BL amendments may continue to pose environmental risks even after BL amendments 
have stopped.   
Similar to annual FWM leachate NH4-N and As concentrations and averaged across litter 
treatments, annual FWM leachate Mn and Ni concentrations decreased (P < 0.05) 0.002 and 
0.005 mg L-1 yr-1, respectively, during the 8-yr period (Figure 2-4, Table 2-6).  Similar to Pirani 
et al. (2006), annual FWM leachate Mn and Ni concentrations were unaffected by BL application 
rate (Table 2-3).  The y- intercept estimates for the relationships between annual FWM leachate 
Mn and Ni concentrations and time averaged over BL treatments both differed from zero (P < 
0.01, Table 2-6).  Annual FWM leachate Mn concentrations did not exceed the secondary MCL 
level of 0.05 mg L-1 (USEPA, 2009) for drinking water at anytime during the 8-yr study period.  
Annual FWM leachate Ni concentrations were negatively correlated (P < 0.01) to annual 
precipitation (r = -0.77) and drainage (r = -0.43, Table 2-5), which explains why the greatest 
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annual concentrations were observed in the driest study year (2005) when drainage was low 
(Figure 2-1).  In 2005, annual FWM leachate Ni concentrations exceeded the National 
Recommended Water Quality Criteria for the protection of freshwater aquatic life of 0.052 mg L-
1 (USEPA, 2013).  This occurrence suggests that during dry years, when soil drainage and 
baseflow to streams is low, surface waters may receive baseflow waters with elevated Ni 
concentrations precisely when aquatic life may be experiencing other stresses, such as low 
dissolved oxygen levels or elevated water temperatures.  
 Similar to mean annual leachate ORP, annual FWM leachate Ca, Cu, Mg, and Se 
concentrations were unaffected by BL application rate (P > 0.05, Table 2-3), but increased (P < 
0.05) during the 8-yr period (Table 2-6, Figure 2-5).  The y- intercept estimates for the linear 
relationships between these variables and time differed from zero (P < 0.05) for FWM Ca, Mg, 
and Se leachate concentrations, while the y- intercept for FWM Cu did not differ from zero (P > 
0.05, Table 2-6).  Pirani et al. (2007) also reported no BL treatment effect on annual FWM 
leachate Ca concentrations during the first two years of this drainage study.  In contrast, Agele et 
al. (2004) reported a BL treatment effect using a zero-tension collection method from under a 
disturbed soil, where it was reported that the average annual leachate Ca concentrations were 80 
and 30 mg L-1 from BL-amended (10 t BL ha-1) and unamended treatments, respectively.  
Similar to Agele et al. (2004), Shepherd and Bennett (1998) reported numeric increases in 
average leachate Ca concentrations with increasing BL application rate.  Similar to the current 
study, Shepherd and Bennett (1998) also reported numeric increases in leachate Ca 
concentrations over time, although not formally analyzed.  In a concurrent and related study, 
Daigh et al. (2009) reported increased acid-recoverable soil Ca after five consecutive years of 
annual BL amendments of 11.2 Mg BL ha-1 relative to an unamended control.  Daigh et al. 
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(2009) also reported no BL-treatment effect on Mehlich-3-extractable or water-soluble soil Ca 
during the same time period, although water-soluble soil Ca decreased over time regardless of 
BL treatment.  Results of Daigh et al. (2009), in conjunction with the observed increase in annual 
FWM leachate Ca concentrations reported in the current study, suggest that additions of BL-
derived Ca (Table 2-1) to soil either entered the acid-recoverable-soil-Ca fraction or was 
removed from the top 90 cm of soil in the water-soluble-soil-Ca fraction by means of leaching. 
 Similar to annual FWM leachate Ca and Mg, annual FWM leachate Cu and Se increased 
(P < 0.05) during the 8-yr period, but were unaffected by litter treatment (P > 0.05, Table 2-3).  
Annual FWM leachate Cu concentrations never exceeded the action level of the National 
Primary or Secondary Drinking Water Regulations of 1.3 or 1.0 mg L-1, respectively (USEPA, 
2009).  In contrast, annual FWM leachate Se concentrations exceeded the MCL of 0.05 mg L-1 
for study years 2007 through 2010 (USEPA, 2009).  Annual precipitation was positively (P < 
0.01) correlated to annual FWM Cu (r = 0.44) and Se (r = 0.60, Table 2-5) concentrations.  The 
relationship between leachate Se concentration and precipitation partially explains the pattern in 
Figure 2-5.  Because the soil parent material does not naturally contain appreciable Se and 
because there was not a litter treatment effect, the Se leached from the soil profile must have 
originated from the organic amendments that were added prior to the initiation of the current 
study.  Additionally, improved analytical instrumentation with lower detection limits for trace 
metals during the duration of the study may have contributed to the observed changes over time 
for annual FWM Se concentrations. 
Similar to annual leachate pH and EC, annual FWM leachate NO3-N, PO4-P, DOC, Cd, 
Cr, K, P, and Zn concentrations did not change over time (P > 0.05), were unaffected by BL 
treatment (P > 0.05) or the interaction between BL treatment and time (P > 0.05, Table 2-3), and 
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were summarized by their grand means (Table 2-4) for the 8-yr period.  During the study, annual 
FWM concentrations did not exceed 0.06 mg L-1 for Cd and Cr (Figure 2-6), 1.2 mg L-1 for NO3-
N, PO4-P, P, and Zn (Figures 2-6 and 2-7), or 24 mg L
-1 for DOC and K (Figure 2-6).  Similar to 
annual FWM leachate NH4-N, Cu, Mn, and Ni concentrations, annual FWM leachate Cr and Zn 
had elevated concentrations and increased variances in study year 2005 when precipitation and 
drainage were low (Figure 2-1).  Annual precipitation was correlated (P < 0.01) with annual 
FWM leachate Cd (r = 0.41), Cr (r = -0.46), and Zn (r = -0.60, Table 2-5) concentrations.  
Similarly, annual drainage was negatively correlated (P < 0.05) with annual FWM leachate DOC 
(r = -0.42), P (r = -0.33), and Zn (r = -0.45) concentrations.  Averaged over BL treatments and 
time, the annual FWM leachate NO3-N concentration was 0.11 (SE = 0.02, Table 2-4).  
Additionally, the annual FWM leachate NO3-N concentrations never exceeded the primary MCL 
of 10 mg L-1 for drinking water (USEPA, 2009).  Similarly, the annual FWM leachate Zn 
concentration was 0.28 (SE = 0.03) mg L-1 and never exceeded the recommended secondary 
MCL of 5 mg L-1 (USEPA, 2009). 
 
Leachate Load Trends over Time  
 Broiler litter application rate effect on annual leachate nutrient and metal loads were 
analyzed by ANCOVA to determine if leachate loads changed over time.  In general, annual 
leachate nutrient and metal loads were lowest during study year 2005 (Figures 2-8 through 2-11) 
when drainage was low and were positively correlated (Table 2-7) to annual drainage.  Similar to 
annual FWM leachate NH4-N, As, Mn, and Ni concentrations, annual leachate NH4-N, As, Fe, 
Mn, and Ni loads decreased over time (P < 0.05, Tables 2-6 and 2-8) during the 8-yr period 
(Figure 2-8) and were unaffected by litter treatment (P > 0.05).  Annual leachate NH4-N, As, Fe, 
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Mn, and Ni loads decreased 0.03, 0.04, 0.16, 0.01, and 0.01 kg ha-1 yr-1, respectively (Table 2-6).  
Pirani et al. (2007) reported no difference among litter treatments in annual leachate NH4-N 
loads during the first two years of a concurrent study.  Similarly, Pirani et al. (2006) reported no 
difference among litter treatments in annual leachate As, Fe, Mn, and Ni loads during the same 
two years.  However, Pirani et al. (2006) reported BL treatment affects during study year 2004 
for seasonal As loads in the winter and Fe loads in the fall, suggesting that the temporal leaching 
losses associated with BL applications may occur on timescales shorter than the annual timescale 
used in the current study. 
 Similar to annual FWM leachate Ca, Cu, Mg, and Se concentrations, annual leachate Cu 
and Se loads increased (P < 0.01) during the 8-yr period and were unaffected by BL treatment (P 
> 0.05) or the interaction between BL and time (P > 0.05, Table 2-8).  Annual leachate Cu and 
Se loads increased at a rate of 0.01 and 0.36 kg ha-1 yr-1, respectively (Table 2-6, Figure 2-9).  
Although the y- intercept estimate for the linear relationship between annual leachate Cu loads 
across time was negative, it did not differ from zero (P > 0.05, Table 2-6).  A similar pattern was 
observed for the y- intercept estimate for the linear relationship between annual FWM Cu 
concentrations across time (Table 2-6).  Annual leachate Cu loads ranged from a low of zero in 
the low-litter treatment in 2005 to a high of 0.08 kg ha-1 in the unamended control in 2009 
(Figure 2-9).  Similarly, annual leachate Se loads ranged from a low of zero in all BL treatment 
conditions in both 2005 and 2006 to a high of 3.6 kg ha-1 in the unamended control in 2009 
(Figure 2-9).  Annual leachate Cu and Se loads were positively (P < 0.01) correlated to annual 
precipitation (r = 0.57 and 0.46, respectively, Table 2-7).  Similarly, annual Cu loads were 
correlated to annual drainage (r = 0.39, P = 0.01). 
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 Identical to annual leachate FWM NO3-N, PO4-P, DOC, Ca, Cd, Cr, K, Mg, Na, P, and 
Zn concentrations, annual leachate loads for these same nutrients and metals were unchanged 
over time (P > 0.05), were unaffected by BL treatment (P > 0.05) or the interaction between BL 
and time (P > 0.05, Table 2-8), and were summarized by their grand means (Table 2-4) for the 8-
yr period.  In general, the leachate load ranges for these nutrients and metals occurred at similar 
times during the study with the low end of the range occurring in 2005 when drainage was low 
and the high end of the range occurring in either 2004 or 2006 when drainage was high (F igures 
2-1, 2-10 and 2-11).  In addition, annual drainage was positively (P ≤ 0.01) correlated to all 
annual nutrient and metal loads, with the exception of PO4-P, P, and Se loads, and annual 
precipitation was positively (P < 0.05) correlated to annual leachate DOC (r = 0.32), Ca (r = 
0.29), and Na (r = 0.34, Table 2-7) loads.  In general, coefficient of correlations between annual 
drainage and annual leachate loads were positive, while correlations between annual drainage 
and annual FWM leachate concentrations tended to be negative suggesting a dilution effect in 
leachate that is similar to the one observed in simulated runoff by Edwards and Daniel (1993).  
 
Annual Blocking Variance 
Experimental blocks were treated as a random variable during statistical analyses 
(ANCOVA) of annual leachate concentrations and loads in order to gain insight regarding spatial 
variability at the research location.  Variability among blocks accounted for approximately 38 % 
of the total observed variability in annual mean drainage (Table 2-9) and suggested that spatial 
variability in drainage may be relatively high at the 90-cm depth at the study site.  Similarly, 
variability among blocks accounted for approximately 53, 35, 13, and 62 % of the total 
variability in mean annual FWM leachate concentrations of PO4-P, DOC, Fe, and P (Table 2-9), 
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respectively, and indicated that the soil’s natural spatial variability may warrant an increase in 
the number of replications in future studies if inferences are to be made with regard to annual 
FWM leachate PO4-P or P concentrations.  Although reasonable pre-treatment plot uniformity 
was demonstrated, the observed block variability associated with annual FWM PO4-P, DOC, Fe, 
or P leachate concentrations may also be related to runoff studies conducted on-site prior to the 
initiation of the current study in which organic soil amendments were used.  However, Pirani et 
al. (2006) reported no pre-treatment effects for FWM leachate DOC or P concentrations for the 
3-month period prior to the initiation of this study.   
In contrast to mean annual FWM leachate PO4-P, DOC, Fe, and P concentrations, mean 
annual leachate pH, ORP, EC, and FWM leachate NO3-N, NH4-N, As, Ca, Cr, Cu, Mg, Ni, Se, 
and Zn concentrations had negative block variance estimates (Table 2-9) indicating two possible 
explanations.  First, variability among blocks contributed little to total variability in mean annual 
leachate pH, ORP, EC and FWM concentration of these nutrients and metals. This explanation is 
most likely for annual leachate pH, ORP, and EC.  Second, block variance estimates actually 
estimated correlation coefficients between drainage and leachate concentrations.  Because 
variance is calculated by dividing the sum of squared deviations by the sample size, variance 
must be positive.  The discrepancy of negative variances arises because SAS estimates 
covariance parameters.  It is possible that these estimates are small and do not differ from or 
approach zero, which may be the case for some parameters, such as mean annual leachate pH, 
ORP, and EC, but it is also possible that these estimates are correlation coefficient estimates.  
Because the correlation coefficient is the covariance divided by the standard deviation of the 
variable, it is possible to have a negative correlation estimate.  Because annual FWM leachate 
concentration was calculated by dividing the total elemental mass collected in leachate during a 
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study year by the total drainage for that year, the FWM concentration is a quotient of two 
dependant variables (i.e., annual drainage and loads). In support of this interpretation, annual 
drainage and annual FWM leachate NO3-N, NH4-N, Ca, Cr, Cu, Mg, Ni, Se, and Zn 
concentrations had negative correlation coefficients (r, Table 2-5). 
In contrast to annual FWM leachate nutrient and metal concentrations and with the 
exception of annual leachate Fe loads, all blocking variances expressed as a percent of total 
variance for annual load parameters were positive (Table 2-10).  Blocking variance for leachate 
loads ranged from a low of 6% for annual leachate As and Mn loads to a high of 47% for annual 
leachate Cu loads suggesting that blocking within the current study was successful with regards 
to number of blocks used.  However, future research designs at this location may attain greater 
sensitivity to statistical analyses if a minimum of three blocks are used.  If annual leachate Cu or 
Na loads or annual FWM leachate PO4-P or P concentrations are to be studied, four blocks 
would be recommended. 
 
Eight-year Mean Drainage Chemistry, FWM Concentrations, and Cumulative Loads  
After eight years of annual BL amendments, 8-yr cumulative drainage; 8-yr mean pH, 
EC, and ORP; and 8-yr FWM leachate concentrations (Table 2-11) and leachate loads (Table 2-
12) of nutrients and trace metals (NO3-N, NH4-N, PO4-P, DOC, As, Ca, Cd, Cr, Cu, Fe, K, Mg, 
Mn, Na, Ni, P, Se, and Zn) did not differ (P > 0.05) among litter treatments.  Similar results were 
reported for 2-yr cumulative leachate loads during the first two years of a concurrent study 
(Pirani et al., 2006; Pirani et al., 2007).  In addition, cumulative 8-yr leaching of total nutrients 
and trace metals expressed as a percentage of that applied in BL did not differ (P > 0.05) 
between the low- and high- litter treatments (Table 2-13).   Cumulative 8-yr leaching of NH4-N, 
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C, N, P, Mn, and Cu represented less than 2% of that applied in litter treatments, while 
cumulative 8-yr leaching of NO3-N, K, Ca, Na, Mg, Zn, Fe, As, Ni, and Cr represented between 
9 and 99% of that applied in BL.  However, cumulative 8-yr leaching of Se and Cd exceeded 
170% of that applied in BL.  Pirani et al. (2007) reported similar results for cumulative 2-yr 
leaching loads for the same nutrients reported in the current study with the exception of NO3-N, 
which Pirani et al. (2007) reported as 104 and 52% for the low- and high- litter treatments, 
respectively.  In addition, Pirani et al. (2006) reported similar results for cumulative 2-yr 
leaching loads expressed as a percentage of that applied in BL for metals with the exception of 
As and Se.  Pirani et al. (2006) reported 2-yr cumulative As loads from low- and high- litter 
treatments of 757 and 378%, respectively, compared to the 60 and 43% (Table 2-13) reported in 
the current study covering an 8-yr period.  Pirani et al. (2006) also reported 2-yr cumulative 
loads for Se of 159 and 80% compared to the 1463 and 1347% reported here.  The elevated mass 
losses (i.e., > 100%) for Se reported in the current study indicated that leaching losses of Se from 
BL-amended pasture land with a history of BL applications, that contained trace metals like Se, 
may eventually release Se into the environment via leaching below 0.9 m.  The observed positive 
correlations between precipitation and leachate Se concentrations and loads (Tables 2-5 and 2-7) 
suggest that Se may be retained in soil during drier years and then released during wetter years, 
with an overall net accumulation of Se in the soil profile.     
Considering BL treatment had no effect (P > 0.05) on annual nutrient and metal leaching 
(Tables 2-3 and 2-8) or 8-yr cumulative leaching (Tables 2-11 and 2-12), but Se leaching 
percents exceeded 100%, percent losses corrected for leaching losses from the unamended 
control were calculated (corrected losses, Table 2-13) by subtraction of the control treatment’s 8-
yr cumulative load from the litter-treated 8-yr cumulative loads within the same experimental 
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block.  Similar to 8-yr cumulative percent losses, cumulative 8-yr leaching of total nutrients and 
trace metals corrected for control losses and expressed as a percentage of that applied in BL did 
not differ (P > 0.05) between the low- and high- litter treatments (Table 2-13).  Negative 
corrected percent losses would indicate nutrient and metal losses originated from organic soil 
amendments that occurred before the current study began in 2002, but variability within the low-
litter treatment increased uncertainty and limited the inferences that could be made.  Averaging 
corrected percent losses over low- and high- litter treatments and calculating 95% confidence 
intervals (CI) allowed comparison of the mean to zero.  Results indicated that zero fell within the 
CI for all nutrients and metals, with the exception of NO3-N (mean = 17.8, CIupper = 29.7, CIlower 
= 6.0%) and total-N (mean = 0.65, CIupper = 1.3, CIlower = 0.001%).   This was strong evidence 
that BL-derived total-N leached from the soil profile as NO3-N.  Similar results have been 
previously reported (Adams et al., 1994; Agele et al., 2004).  In addition, because CIs for NH4-
N, C (as DOC), P, Mn, and Cu were small and contained zero, these BL-derived nutrients and 
metals are not leaching from the soil.  
 
Summary of Environmental Concerns  
Based on the current 8-yr observational study and with the exception of annual FWM 
leachate Na and Fe concentrations, annual leaching trends were influenced primarily by time and 
not BL application rate, with annual FWM leachate Ca, Cu, Mg, and Se concentrations and 
annual Cu and Se loads increasing with time.  Correlation coefficients indicated a dilution effect 
occurring with increased annual drainage and/or precipitation for annual FWM leachate NH4-N, 
DOC, Cr, Ni, P, and Zn concentrations.  Similarly but with the exceptions of annual PO4-P, P, 
and Se loads, annual nutrient and metal loads increased with increased annual drainage.  
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During the course of the current study, annual FWM leachate As concentrations exceeded 
the National Primary Drinking Water Regulations’ MCL of 0.01mg L-1 (USEPA, 2013) in all 
years except 2006 and 2007.  Similarly, annual FWM leachate Se concentrations exceeded the 
primary MCL of 0.05 mg L-1 for study years 2007 through 2010 (USEPA, 2009).  However, 
annual leachate concentrations of NO3-N, Cd, and Cu never exceeded the primary MCL’s of 10, 
0.005, and 1.3 mg L-1, respectively, and annual leachate concentrations of Cu, Mn, and Zn never 
exceeded secondary MCLs (USEPA, 2009).  However, in 2005, annual FWM leachate Ni 
concentrations exceeded the National Recommended Water Quality Criteria for the protection of 
freshwater aquatic life of 0.052 mg L-1 (USEPA, 2013), which is important in karst regions 
where surface and groundwater intermingle freely.  Although leachate at the 0.9-m depth may 
have environmentally sensitive concentrations of nutrients or metals, at many locations the 
distance to groundwater is great enough for further removal by adsorption of contaminants 
before leachate enters groundwater.   
Because repeated application of BL to pastureland over many years has resulted in the 
accumulation of nutrients and metals within soil, it is possible that future environmental changes 
could potentially release these nutrients or metals to move towards groundwater.  For example, 
in the current study, annual FWM As concentrations were elevated during the first three years of 
the study, but were similar during the 3-month pre- litter observation period suggesting that 
management practices may have increased As release from the soil.  Similarly, annual Se 
concentrations and loads were positively correlated to annual precipitation and exceeded the 
primary MCL during wetter years suggesting that as atmospheric carbon dioxide concentrations 
increase in the future, rain may become more acidic, thus potentially increasing mobility of some 
metals.   
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Additionally, some metals had leaching patterns that required eight years to identify.  If a 
relatively mobile cation like Na requires three or more years before BL-induced leaching 
changes are observed, then less mobile cations, such as Ca, may require observational studies 
longer than eight years to identify BL-induced changes in leaching.  Similarly, some leaching 
patterns, such as that of P, may require decades of observation.  
  
Summary and Conclusions 
 Based on continuous monitoring for 8-yr of nutrient and metal losses for BL-amended 
pasture land with a history of organic amendments and under naturally occurring precipitation 
using AETLs, annual FWM leachate Na and Fe concentrations were the only water quality 
parameters affected by litter application rate.  Similarly, 8-yr cumulative leaching loads corrected 
for leaching losses from the unamended control provided evidence that BL-derived N leached 
from the soil profile in the form of NO3-N.  Correlation coefficients between annual drainage and 
annual FWM leachate concentrations during an 8-yr period were mostly negative, and in 
conjunction with the positive correlations between annual drainage and annual leachate loads 
suggested a dilution effect similar to those observed previously in runoff. 
 Leaching trends over time were the most common result reported for most nutrients and 
metals.  Mean annual drainage, leachate pH and EC were unchanged during the 8-yr period.  
Mean annual FWM concentrations and loads of NH4-N, As, Mn, and Ni decreased and mean 
annual FWM concentrations and loads of Cu and Se increased during the 8 years.  In contrast, 
mean annual FWM concentrations and loads of NO3-N, PO4-P, Cd, Cr, K, P, Zn, and DOC did 
not vary over time.   
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 The lack of evidence to support BL-induced leaching effects in this study can be 
attributed to four factors.  First, the timescale used in the current study may be too long to 
identify relatively short-term leaching patterns like that of NO3-N.  Similarly, the timescale used 
in this study may be too short to identify leaching patterns that may require decades to identify.  
Second, leachate was collected in response to naturally occurring precipitation instead of 
simulated rainfall, which is commonly applied in quantities greater than normal precipitation.  
Third, pre-2002 soil amendments to the research plots controlled leachate composition to a 
greater degree than did the current study’s imposed BL treatments.  Fourth, limited replication in 
association with increased variability associated with drainage reduced the strength of most 
statistical calculations. 
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Table 2-1.  Mean annual broiler litter (BL) composition and constituent added in low- (5.6 Mg 
ha-1) and high- (11.2 Mg ha-1) litter treatments over an 8-yr period to a silt- loam soil at the 
Agricultural Research and Extension Center in Fayetteville, Arkansas.  Annual mean maxima 
and minima are provided as an indication of parameter range.  
 
 Mean Annual Mean Mean  Litter Rate 
Litter Property Composition Maximum Minimum  Low High 
     ___________  kg ha-1  ___________ 
Moisture (kg kg-1) 0.24 0.27 0.21    
pH 8.4 8.8 8.0    
EC† (dS m-1) 11.9 14.8 9.8    
NO3-N (mg kg
-1) 207 513 38  1.1 2.31 
NH4-N (mg kg
-1) 4640 7183 2877  26.0 52.0 
       
Total Elements       
   C (%) 37.1 39.5 33.9  2078 4155 
   N (%) 4.4 5.3 4  246 493 
   P (%) 2.2 2.6 1.6  123 246 
   K (%) 3.5 4.4 2.9  196 392 
   Ca (%) 3.7 4.4 2.9  207 414 
   Mg (%) 0.7 0.8 0.6  39.2 78.4 
   S (%) 1.1 1.6 0.6  61.6 123.2 
   Na (mg kg-1) 9098 16094 3857  50.9 101.9 
   Al (mg kg-1) 347 558 243  1.9 3.9 
   Fe (mg kg-1) 413 613 197  2.3 4.6 
   Mn (mg kg-1) 568 751 421  3.2 6.4 
   Zn (mg kg-1) 510 645 395  2.9 5.7 
   Cu (mg kg-1) 496 678 298  2.8 5.6 
   B (mg kg-1) 52.6 60.9 46.5  0.29 0.59 
   Ni (mg kg-1) 10.4 16.1 5.9  0.058 0.116 
   Cd (mg kg-1) 0.19 0.60 0.05  0.001 0.002 
   Cr (mg kg-1) 7.7 15.6 3.1  0.04 0.09 
   As (mg kg-1) 26.8 39.9 19  0.15 0.30 
   Se (mg kg-1) 3.5 7.3 1.6  0.019 0.039 
† EC, electrical conductivity. 
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Table 2-2.  Broiler litter application rate (control, 0 Mg ha-1; low, 
5.6 Mg ha-1; and high, 11.2 Mg ha-1) effects on mean annual 
above-ground dry matter and 8-yr cumulative production.   
 
   Mean Dry Matter 
Time Period† P-value  Control Low High 
   _______________ Mg ha-1 ______________ 
2003‡ 0.04  4.9a# 8.7ab 12.0b 
2004‡ 0.01  5.6a 9.2b 12.2c 
2005§ 0.04  5.3a 7.6a 11.4b 
2006§ 0.02  5.3a 11.0b 11.7b 
2007¶ < 0.01  5.6a 10.4b 15.3c 
2008 0.19  9.5a 13.5a 16.1a 
2009 0.11  10.4a 15.5a 20.8a 
2010 0.18  12.0a 12.6a 21.6a 
8-yr Cumulative 0.05  58.7a 88.4ab 121.0b 
† Study years are designated as starting the day BL was applied in 
late April or early May of the listed year and ending the day 
before BL was re-applied in the following calendar year.  For 
example 2003 represents the time period from May 2003 to April 
2004. 
‡ Data for 2003 and 2004 were taken from Pirani (2005).  
§ Data for 2005 and 2006 were taken from Menjoulet et al. (2009).  
¶ Data for 2007 were taken from Daigh et al. (2009).  
# Means in the same row followed by different letters are 
significantly different (P < 0.05). 
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Table 2-3.  Analysis of covariance summary of the 
effects of broiler litter (BL) application rate, time 
(Year), and their interaction on the linear 
relationship between select soil leachate properties 
and flow-weighted mean concentrations and time.   
 
 Source of Variance 
Leachate Property BL¶ Year# BL x Year†† 
 ______________ P-value ______________ 
Drainage 0.59 0.51 0.88 
pH 0.98 0.82 0.91 
ORP† 0.98 < 0.01‡‡ 0.84 
EC‡ 0.60 0.61 0.22 
    
Concentrations    
   NO3-N 0.91 0.55 0.81 
   NH4-N 0.71 0.05 0.88 
   PO4-P 0.46 0.14 0.74 
   DOC§ 0.13 0.53 0.18 
   As 0.98 < 0.01 0.99 
   Ca 0.36 < 0.01 0.35 
   Cd 0.08 0.10 0.22 
   Cr 0.27 0.26 0.32 
   Cu 0.14 < 0.01 0.20 
   Fe 0.04 < 0.01 0.14 
   K 0.31 0.86 0.42 
   Mg 0.38 0.02 0.34 
   Mn 0.23 0.03 0.15 
   Na 0.08 < 0.01 < 0.01 
   Ni 0.74 0.01 0.80 
   P 0.32 0.28 0.78 
   Se 0.92 < 0.01 0.80 
   Zn 0.29 0.20 0.53 
† ORP, oxidation-reduction potential. 
‡ EC, electrical conductivity. 
§ DOC, dissolved organic carbon. 
¶ Test for different y- intercepts among BL 
treatments with common slope. 
# Test if common slope is different than zero.  
†† Test for different slopes among BL treatments.  
‡‡ P ≤ 0.05 are indicated in bold.  
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Table 2-4.  Summary of annual broiler litter (BL) treatment means and grand means across all 
BL treatments for soil leachate properties that were unaffected by BL or time (Tables 2-3 and 2-
8) during an 8-yr period as determined by analysis of covariance.  Broiler litter was hand applied 
once annually to a silt- loam soil at the Agricultural Research and Extension Center in 
Fayetteville, Arkansas at three application rates (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively).  Standard errors of treatment means and grand means are provided in 
parenthesis as estimates of variability.   
 
 Annual Broiler Litter Treatment Mean§  Grand 
Leachate Property Control Low High  Mean¶ 
Drainage (mm) 532 (106) 356 (61) 525 (91)  471 (51) 
pH 6.09 (0.09) 6.19 (0.08) 6.22 (0.09)  6.15 (0.05) 
EC† (µS cm-1) 175 (18) 173 (14) 222 (17)  190 (10) 
      
Concentrations (mg L-1)      
     NO3-N 0.07 (0.02) 0.11 (0.05) 0.14 (0.03)  0.11 (0.02) 
     PO4-P 0.19 (0.05) 0.12 (0.02) 0.10 (0.03)  0.13 (0.02) 
     DOC‡ 3.4 (0.3) 4.2 (0.3) 3.4 (0.3)  3.7 (0.2) 
     Cr 0.01 (< 0.01) 0.01 (0.01) 0.01 (< 0.01)  0.01 (< 0.01) 
     K 18.2 (2.1) 16.6 (1.2) 19.9 (1.2)  18.2 (0.9) 
     P 0.24 (0.06) 0.12 (0.01) 0.12 (0.03)  0.16 (0.02) 
     Zn 0.33 (0.08) 0.28 (0.04) 0.23 (0.02)  0.28 (0.03) 
      
Loads (kg ha-1)      
     NO3-N 0.25 (0.06) 0.41 (0.25) 0.74 (0.17)  0.47 (0.10) 
     PO4-P 0.65 (0.27) 0.42 (0.09) 0.37 (0.13)  0.48 (0.10) 
     DOC 14.6 (2.7) 16.3 (2.9) 15.5 (2.2)  15.5 (1.5) 
     Ca 94.8 (23) 50.0 (9) 91.5 (17)  78.7 (10) 
     Cd 0.01 (< 0.01) < 0.01 (< 0.01) < 0.01 (< 0.01)  < 0.01 (< 0.01) 
     Cr 0.04 (0.02) 0.02 (0.01) 0.03 (0.01)  0.03 (0.01) 
     K 107 (25) 61.7 (11) 103 (19)  90.4 (11) 
     Mg 31.7 (8) 18.4 (3) 31.8 (6)  27.3 (3) 
     Na 62.0 (15) 50.4 (8) 74.6 (11)  62.3 (7) 
     P 0.80 (0.3) 0.43 (0.1) 0.44 (0.1)  0.55 (0.1) 
     Zn 1.1(0.2) 0.8 (0.1) 1.2 (0.2)  1.0 (0.1) 
† EC, electrical conductivity. 
‡ DOC, dissolved organic carbon. 
§ Treatment means, n = 16. 
¶ Grand means, n = 48. 
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Table 2-5.  Correlation coefficients (r) for both annual 
precipitation and annual drainage with annual leachate 
properties and flow-weighted mean leachate concentrations 
during an 8-yr period (n = 48). 
 
 Precipitation  Drainage 
Leachate Property r P-value¶       r P-value¶ 
Drainage 0.26 0.08  -      - 
pH -0.07 0.65  -0.07 0.65 
ORP† -0.34 0.02#  0.09 0.54 
EC‡ 0.11 0.47  0.27 0.07 
      
Concentrations      
   NO3-N -0.14 0.33  -0.09 0.53 
   NH4-N -0.73 < 0.01  -0.44 < 0.01 
   PO4-P -0.10 0.50  -0.27 0.06 
   DOC§ 0.22 0.13  -0.42 < 0.01 
   As -0.26 0.07  0.18 0.21 
   Ca 0.12 0.42  -0.07 0.64 
   Cd 0.41 < 0.01  0.24 0.11 
   Cr -0.46 < 0.01  -0.26 0.08 
   Cu 0.44 < 0.01  -0.17 0.25 
   Fe -0.12 0.41  0.01 0.97 
   K 0.01 0.96  0.21 0.15 
   Mg 0.07 0.66  -0.06 0.68 
   Mn -0.07 0.62  -0.06 0.70 
   Na 0.29 0.05  -0.05 0.72 
   Ni -0.77 < 0.01  -0.43 < 0.01 
   P 0.15 0.30  -0.33 0.02 
   Se 0.60 < 0.01  -0.12 0.41 
   Zn -0.60 < 0.01  -0.45 < 0.01 
† ORP, oxidation-reduction potential. 
‡ EC, electrical conductivity. 
§ DOC, dissolved organic carbon. 
¶ Pearson test for correlation. 
# P ≤ 0.05 are indicated in bold.  
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Table 2-6.  Summary of common intercept and slope estimates 
for the linear relationship between the annual soil leachate 
property and time.  Soil was amended once annually with 
broiler litter (BL) at three application rates (0, 5.6, and 11.2 Mg 
BL ha-1; control, low, and high, respectively) for an 8-yr 
period.   
 
Leachate Property Intercept P-value‡ Slope R2§ 
ORP† (mV) 75.3 < 0.01 -7.1 0.32 
     
Concentrations (mg L-1)     
     NH4-N 0.23 < 0.01 -0.03 0.09 
     As 0.05 < 0.01 -0.01 0.26 
     Ca 10.6 < 0.01 1.4 0.17 
     Cu -0.002 0.11 0.002 0.53 
     Mg 4.0 < 0.01 0.42 0.12 
     Mn 0.024 < 0.01 -0.002 0.09 
     Ni 0.044 < 0.01 -0.005 0.16 
     Se -0.17 < 0.01 0.09 0.72 
     
Loads (kg ha-1)     
     NH4-N 0.38 < 0.01 -0.03 0.11 
     As 0.29 < 0.01 -0.04 0.21 
     Cu -0.01 0.16 0.01 0.41 
     Fe 1.24 < 0.01 -0.16 0.25 
     Mn 0.13 < 0.01 -0.01 0.13 
     Ni 0.11 < 0.01 -0.01 0.11 
     Se -0.69 0.04 0.36 0.41 
† ORP, oxidation-reduction potential. 
‡ Test if common intercept is different than zero.  
§ Coefficient of determination (R2) is provided as a measure of 
the strength of the relationship. 
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Table 2-7.  Correlation coefficients (r) for annual 
precipitation and drainage with annual leachate loads 
during an 8-yr period (n = 48). 
 
 Precipitation  Drainage 
Leachate Property r P-value‡       r P- value‡ 
NO3-N 0.12 0.41   0.51 < 0.01 
NH4-N 0.07 0.65  0.73 < 0.01 
PO4-P -0.02 0.87  0.14 0.36 
DOC† 0.32 0.03§  0.79 < 0.01 
As -0.11 0.47  0.45 < 0.01 
Ca 0.29 0.05  0.87 < 0.01 
Cd 0.14 0.35  0.50 < 0.01 
Cr 0.21 0.15  0.39 0.01 
Cu 0.57 < 0.01  0.39 0.01 
Fe -0.10 0.51  0.33 0.02 
K 0.19 0.20  0.97 < 0.01 
Mg 0.28 0.06  0.89 < 0.01 
Mn 0.05 0.73  0.52 < 0.01 
Na 0.34 0.02  0.94 < 0.01 
Ni 0.07 0.63  0.61 < 0.01 
P 0.10 0.49  0.10 0.51 
Se 0.46 < 0.01  0.22 0.13 
Zn 0.25 0.08  0.93 < 0.01 
† DOC, dissolved organic carbon. 
‡ Pearson test for correlation. 
§ P ≤ 0.05 are indicated in bold.  
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Table 2-8.  Analysis of covariance summary of the effects 
of broiler litter (BL) application rate, time (Year), and their 
interaction on the linear relationship between soil leachate 
loads and time.   
 
 Source of Variance 
Leachate Property BL‡  Year§ BL x Year¶ 
 __________________ P-value __________________ 
NO3-N 0.47 1.00 0.93 
NH4-N 0.44 0.02
# 0.73 
PO4-P 0.61 0.12 0.88 
DOC† 0.98 0.59 0.95 
As 0.59 < 0.01 0.75 
Ca 0.66 0.31 0.96 
Cd 0.15 0.69 0.46 
Cr 0.55 0.96 0.20 
Cu 0.87 < 0.01 0.29 
Fe 0.74 < 0.01 0.93 
K 0.45 0.40 0.89 
Mg 0.63 0.41 0.95 
Mn 0.42 0.01 0.64 
Na 0.45 0.68 0.60 
Ni 0.11 0.01 0.49 
P 0.40 0.70 0.74 
Se 0.91 < 0.01 0.51 
Zn 0.53 0.60 0.90 
† DOC, dissolved organic carbon. 
‡ Test for different y-intercepts among BL treatments with 
common slope. 
§ Test if common slope is different than zero.  
¶ Test for different slopes among BL treatments.  
# P ≤ 0.05 are indicated in bold.  
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Table 2-9.  Blocking variance expressed as a 
percentage of total variance for annual mean 
leachate properties and flow-weighted mean 
concentrations.  Percents were calculated by 
dividing the blocking estimate for a given soil 
leachate property by the sum of the blocking and 
error estimates for that soil leachate property and 
then multiplying by 100. 
 
Leachate Property     Percent of Total Variance 
Drainage 38.2 
pH < 0.1 
ORP† < 0.1 
EC‡ < 0.1 
  
Concentrations  
   NO3-N < 0.1 
   NH4-N < 0.1 
   PO4-P 53.4 
   DOC§ 34.8 
   As < 0.1 
   Ca < 0.1 
   Cd 1.7 
   Cr < 0.1 
   Cu < 0.1 
   Fe 12.8 
   K 0.1 
   Mg < 0.1 
   Mn 1.0 
   Na 1.1 
   Ni < 0.1 
   P 61.8 
   Se < 0.1 
   Zn < 0.1 
† ORP, oxidation-reduction potential. 
‡ EC, electrical conductivity. 
§ DOC, dissolved organic carbon 
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Table 2-10.  Blocking variance expressed as 
a percentage of total variance for annual 
leachate loads.  Percents were calculated by 
dividing the blocking estimate for a given 
soil leachate property by the sum of the 
blocking and error estimates for that soil 
leachate property and then multiplying by 
100. 
 
Leachate Property    Percent of Total Variance 
NO3-N 13.4 
NH4-N 23.8 
PO4-P 20.4 
DOC† 9.5 
As 6.0 
Ca 23.8 
Cd 24.1 
Cr 13.4 
Cu 46.7 
Fe < 0.1 
K 33.1 
Mg 27.3 
Mn 6.0 
Na 42.3 
Ni 34.6 
P 19.7 
Se 34.5 
Zn 34.0 
† DOC, dissolved organic carbon. 
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Table 2-11.  Analysis of variance summary of the effects of broiler litter (BL) application rate on 
8-yr cumulative drainage; 8-yr mean leachate pH, EC, and ORP; and 8-yr flow-weighted mean 
leachate concentrations.  Broiler litter was hand applied once annually to a silt- loam soil at the 
Agricultural Research and Extension Center in Fayetteville, Arkansas at three application rates 
(0, 5.6, and 11.2 Mg BL ha-1; control, low, and high, respectively) for an 8-yr period.  Standard 
errors of treatment means and grand means are provided in parenthesis as estimates of 
variability.   
 
  Broiler Litter Treatment Mean¶  
Leachate Property P-value Control Low High Grand Mean#  
Drainage (mm) 0.52 4254 (2168) 2851 (529) 4202 (1613) 3769 (768) 
pH 0.63 6.09 (0.09) 6.19 (0.02) 6.22 (0.08) 6.17 (0.04) 
ORP† (mV) 0.53 48.0 (5.9) 42.9 (0.5) 39.4 (3.1) 43.4 (2.4) 
EC‡ (µS cm-1) 0.69 175 (48) 173(27) 222(19) 190 (18) 
      
Concentrations (mg L-1)     
     NO3-N 0.17 0.04 (0.01) 0.10 (0.04) 0.14 (<0.01) 0.10 (0.02) 
     NH4-N 0.13 0.04 (<0.01) 0.05 (<0.01) 0.05 (<0.01) 0.05 (<0.01) 
     PO4-P 0.67 0.23 (0.21) 0.12 (0.02) 0.10 (0.10) 0.15 (0.06) 
     DOC§ 0.75 3.44(1.35) 4.45 (0.59) 3.35 (1.05) 3.75 (0.52) 
     As 0.82 0.03 (< 0.01) 0.03 (<0.01) 0.02 (<0.01) 0.03 (<0.01) 
     Ca 0.79 15.7 (4.1) 14.5 (2.8) 18.9 (3.8) 16.4 (1.8) 
     Cd 0.50 <0.01 (< 0.01) <0.01 (< 0.01) <0.01 (< 0.01) <0.01 (<0.01) 
     Cr 0.67 0.01 (<0.01) 0.01 (<0.01) 0.01 (<0.01) 0.01 (<0.01) 
     Cu 0.57 0.01 (<0.01) 0.01 (<0.01) 0.01 (<0.01) 0.01 (<0.01) 
     Fe 0.64 0.16 (0.13) 0.18 (<0.01) 0.08 (0.02) 0.14 (0.04) 
     K 0.87 18.1 (3.9) 17.7 (1.9) 20.1 (1.4) 18.6 (1.3) 
     Mg 0.77 5.30 (1.30) 5.24 (0.52) 6.50 (1.17) 5.68 (0.54) 
     Mn 0.74 0.01 (<0.01) 0.02 (0.01) 0.02 (<0.01) 0.01 (<0.01) 
     Na 0.36 10.6 (2.0) 14.0 (0.9) 14.6 (1.1) 13.1 (1.0) 
     Ni 0.60 0.01 (<0.01) 0.01 (<0.01) 0.01 (0.01) 0.01 (<0.01) 
     P 0.65 0.28 (0.26) 0.12 (0.01) 0.12 (0.11) 0.18 (0.08) 
     Se 0.92 0.19 (0.03) 0.18 (0.04) 0.19 (0.02) 0.19 (0.01) 
     Zn 1.00 0.22 (0.05) 0.22 (0.01) 0.22 (0.02) 0.22 (0.01) 
† ORP, oxidation-reduction potential.  
‡ EC, electrical conductivity. 
§ DOC, dissolved organic carbon. 
¶ Treatment means, n = 2. 
# Grand means, n = 6. 
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Table 2-12.  Analysis of variance summary of the effects of broiler litter (BL) application rate on 
8-yr cumulative soil leachate loads.  Broiler litter was hand applied once annually to a silt- loam 
soil at the Agricultural Research and Extension Center in Fayetteville, Arkansas at three 
application rates (0, 5.6, and 11.2 Mg BL ha-1; control, low, and high, respectively) for an 8-yr 
period.  Standard errors of treatment means and grand means are provided in parenthesis as 
estimates of variability.   
 
   Broiler Litter Treatment Mean‡  
Leachate Property P-value  Control Low High Grand Mean§ 
   _________________________ kg ha-1 _________________________ 
NO3-N 0.06  2.0 (1.3) 3.3 (1.8) 5.9 (2.3) 3.7 (1.1) 
NH4-N 0.53  1.9 (1.1) 1.4 (0.3) 2.2 (0.9) 1.8 (0.4) 
PO4-P 0.73  5.2 (4.0) 3.4 (<0.1) 3.0 (2.3) 3.9 (1.3) 
DOC† 0.86  117 (17) 130 (40) 124 (10) 124 (12) 
As 0.61  1.1 (0.5) 0.7 (0.1) 1.0 (0.5) 0.9 (0.2) 
Ca 0.64  758 (514) 400 (2) 731 (146) 630 (156) 
Cd 0.51  0.05 (0.04) 0.03 (<0.01) 0.01 (0.02) 0.03 (0.01) 
Cr 0.58  0.3 (0.2) 0.1 (<0.1) 0.2 (0.1) 0.2 (0.1) 
Cu 0.40  0.2 (0.1) 0.2 (<0.1) 0.3 (0.1) 0.2 (0.1) 
Fe 0.70  4.1 (1.9) 5.2 (1.0) 3.1 (0.4) 4.1 (0.7) 
K 0.63  856 (560) 493 (39) 821 (266) 723 (176) 
Mg 0.63  254 (170) 147 (13) 254 (56) 218 (52) 
Mn 0.78  0.5 (0.4) 0.4 (0.1) 0.7 (0.3) 0.6 (0.1) 
Na 0.56  496 (317) 404 (101) 596 (190) 499 (105) 
Ni 0.51  0.4 (0.3) 0.3 (<0.1) 0.7 (0.5) 0.5 (0.2) 
P 0.71  6.4 (4.9) 3.4 (0.3) 3.5 (2.5) 4.4 (1.6) 
Se 0.44  8.5 (5.2) 5.5 (2.2) 8.4 (4.1) 7.5 (1.9) 
Zn 0.45  8.5 (2.8) 6.4 (1.5) 9.5 (4.4) 8.2 (1.5) 
† DOC, dissolved organic carbon. 
‡ Treatment means, n = 2. 
§ Grand means, n = 6. 
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Table 2-13.  Leaching mass balance for broiler litter-derived nutrients from a pasture soil 
amended with broiler litter (BL).  Litter was hand applied once annually to a silt- loam soil at the 
Agricultural Research and Extension Center in Fayetteville, Arkansas at three application rates 
(0, 5.6 and 11.2 Mg BL ha-1; control, low and high, respectively) for an 8-yr period.  Leachate 
was continuously monitored and collected by automated equilibrium tension lysimeters.  Values 
represent 8-yr totals.   
 
Leachate Mass Added
†
  Mass Leached
‡
  Percent Loss
§
  Corrected Loss
¶
 
Property Low High  Low High  Low High  Low High 
 
______________
 kg ha
-1
 
______________
  
________________________
 % 
________________________
 
NO3-N 8.8 18.5  3.3 5.9  37(20) 32(12)  15(6) 21(5) 
NH4-N 208 416  1.4 2.2  <1(<1) < (<1)  <1(<1) <1(<1) 
            
Total 
Elements 
  
 
  
 
  
 
  
     C 16624 33248  130 124  <1(<1) <1(<1)  <1(<1) <1(<1) 
     N 217 435  4.7 8.1  2(1) 2(1)  <1(<1) 1(<1) 
     P 984 1968  3.4 3.5  <1(<1) <1(<1)  <1(1) <1(<1) 
     K 1568 3136  493 821  31(2) 26(8)  -23(33) -1(9) 
     Ca 1656 3312  400 731  24(<1) 22(4)  -22(31) -1(11) 
     Na 407 814  404 596  99(25) 73(23)  -23(53) 12(16) 
     Mg 314 627  147 254  47(4) 41(9)  -34(50) <1(18) 
     Mn 26 51  0.4 0.7  2(1) 1(1)  <1(2) <1(<1) 
     Zn 23 46  6.4 9.5  28(9) 21(9)  -9(6) 2(3) 
     Cu 22 45  0.2 0.3  1(<1) 1(<1)  <1(<1) <1(<1) 
     Fe 18 37  5.2 3.1  28(6) 9(1)  6(16) -3(6) 
     As 1.2 2.4  0.7 1.0  60(5) 43(20)  -30(34) -1(1) 
     Ni 0.46 0.93  0.3 0.7  58(7) 74(50)  -36(47) 27(23) 
     Cr 0.32 0.64  0.1 0.2  44(2) 38(23)  -56(65) -12(10) 
     Se 0.15 0.30  5.5 8.4  3612(1463) 2758(1347) -1964(1939) -29(354) 
     Cd 0.01 0.02  0.03 0.01  171(48) 198(131) -436(444) -106(115) 
† Cumulative mass of nutrient added from BL amendments.  
‡ Cumulative mass of nutrient leached.  
§ Percent loss equal to mass leached minus mass added, times 100.  
¶ Corrected percent loss was corrected for leaching loss from unamended control before 
calculating percent loss.  Negative values represent control treatment within same experimental 
block loss was greater that littered treatment.  
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Figure 2-1.  Annual precipitation and drainage from broiler litter (BL) amended pasture soil 
during eight years.  Broiler litter was hand applied once annually to a silt- loam soil at the 
Agricultural Research and Extension Center in Fayetteville, Arkansas at three application rates 
(0, 5.6, and 11.2 Mg BL ha-1; control, low, and high, respectively).  Study years were designated 
as starting the day BL was applied in late April or early May of the listed year and ending the 
day before BL was re-applied in the following calendar year.  The horizontal dashed line 
represents the 30-yr mean precipitation of 1232 mm (NOAA, 2013).  
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Figure 2-2.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual drainage [standard error (SE) = 51], 
annual leachate pH (SE = 0.05), annual electrical conductivity (EC; SE = 10), and annual 
oxidation-reduction potential (ORP).  Study years were designated as starting the day BL was 
applied in late April or early May of the listed year and ending the day before BL was re-applied 
in the following calendar year.  The solid line for ORP represents a significant (P < 0.05) change 
over time averaged across BL treatments.  
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Figure 2-3.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual flow-weighted-mean (FWM) leachate 
sodium (Na) and iron (Fe) concentrations.  Study years were designated as starting the day BL 
was applied in late April or early May of the listed year and ending the day before BL was re-
applied in the following calendar year.  The alternating long-short dashed line represents changes 
in annual soil FWM leachate Na concentrations over time averaged over the low- and high-BL 
treatments.  The solid, small-dashed, and long-dashed lines represent changes in annual soil 
FWM leachate Fe concentrations over time for the control, low, and high BL treatments, 
respectively.  
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Figure 2-4.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual flow-weighted-mean leachate 
ammonium-nitrogen (NH4-N), arsenic (As), manganese (Mn), and nickel (Ni) concentrations.  
Study years were designated as starting the day BL was applied in late April or early May of the 
listed year and ending the day before BL was re-applied in the following calendar year.  Solid 
lines represent changes over time averaged across all BL treatments.  
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Figure 2-5.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual flow-weighted-mean leachate calcium 
(Ca), copper (Cu), magnesium (Mg), and selenium (Se) concentrations.  Study years were 
designated as starting the day BL was applied in late April or early May of the listed year and 
ending the day before BL was re-applied in the following calendar year.  Solid lines represent 
changes over time averaged across all BL treatments.  
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Figure 2-6.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual flow-weighted-mean leachate nitrate-
nitrogen [NO3-N; standard error (SE) = 0.02], phosphate-phosphorus (PO4-P; SE =0.02), 
dissolved organic carbon (DOC; SE = 0.2), cadmium (Cd; SE < 0.01), chromium (Cr; SE < 
0.01), and potassium (K; SE = 0.9) concentrations.  Study years were designated as starting the 
day BL was applied in late April or early May of the listed year and ending the day before BL 
was re-applied in the following calendar year. 
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Figure 2-7.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual flow-weighted-mean leachate 
phosphorus [P; standard error (SE) = 0.02] and zinc (Zn; SE = 0.03) concentrations.  Study years 
were designated as starting the day BL was applied in late April or early May of the listed year 
and ending the day before BL was re-applied in the following calendar year.  
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Figure 2-8.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual leachate ammonium-nitrogen (NH4-N), 
iron (Fe), arsenic (As), nickel (Ni), and manganese (Mn) loads.  Study years were designated as 
starting the day BL was applied in late April or early May of the listed year and ending the day 
before BL was re-applied in the following calendar year.  Solid lines represent changes over time 
averaged across all BL treatments.  
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Figure 2-9.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual leachate copper (Cu) and selenium (Se) 
loads.  Study years were designated as starting the day BL was applied in late April or early May 
of the listed year and ending the day before BL was re-applied in the following calendar year.  
Solid lines represent changes over time averaged across all BL treatments.  
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Figure 2-10.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual leachate nitrate-nitrogen [NO3-N; 
standard error (SE) = 0.01], phosphate-phosphorus (PO4-P; SE = 0.01), dissolved organic carbon 
(DOC; SE = 1.5), calcium (Ca; SE = 78.7), cadmium (Cd; SE < 0.01), and chromium (Cr; SE = 
0.01) loads.  Study years were designated as starting the day BL was applied in late April or 
early May of the listed year and ending the day before BL was re-applied in the following 
calendar year.   
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Figure 2-11.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual leachate potassium [K; standard error 
(SE) = 11], sodium (Na; SE = 7), magnesium (Mg; SE = 3), zinc (Zn; SE = 0.1), and phosphorus 
(P; SE = 0.1) loads.  Study years were designated as starting the day BL was applied in late April 
or early May of the listed year and ending the day before BL was re-applied in the following 
calendar year.  
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Appendix 2-1.  Example SAS program for analysis of covariance run as a macro and related 
data. 
 
options mprint; 
  
title 'SEASONAL LEACHATE LOADS and FWM -- Richard McMullen --'; 
title2 'All elements Leachate Model Estimates pH, Redox, EC and DOC etc.';  
  
data loads; 
  infile 'F:\McMullen\Leachate\SAS\LeachateAnnualSums.csv' firstobs=2 DLM=',' truncover 
 LRECL = 600 DSD; 
  input Year BL $ Block Lys Vol pH redox EC NO3 NH3 PO4 DOC Al As B Ca 
        Cd Co Cr Cu Fe K Mg Mn Mo Na Ni TP Pb S Se Ti Zn fwmNO3 fwmNH3 
        fwmPO4 fwmDOC fwmAl fwmAs fwmB fwmCa fwmCd fwmCo fwmCr fwmCu 
        fwmFe fwmK fwmMg fwmMn fwmMo fwmNa fwmNi fwmP fwmPb fwmS fwmSe fwmTi      
 fwmZn volmm;  
 * year = 2002 + year; 
  label BL = 'Broiler Litter'; 
run; 
  
proc sort data=loads; by year block lys; 
run; 
quit; 
  
title3 'INITIAL DATA LISTING'; 
proc print data=loads noobs; by year block; 
  id year block; 
  var lys bl Vol pH redox EC NO3 NH3 PO4 DOC Al As B Ca 
        Cd Co Cr Cu Fe K Mg Mn Mo Na Ni TP Pb S Se Ti Zn fwmNO3 fwmNH3 
        fwmPO4 fwmDOC fwmAl fwmAs fwmB fwmCa fwmCd fwmCo fwmCr fwmCu 
        fwmFe fwmK fwmMg fwmMn fwmMo fwmNa fwmNi fwmP fwmPb fwmS fwmSe 
        fwmTi fwmZn volmm;  
run cancel; 
quit; 
  
%Macro xxx(var=); 
  
title3 'Parameter ESTIMATES & CONTRASTS for 1st TEST- Diff Slopes, Diff Intercepts'; 
title4 "---------- &var ----------"; 
proc mixed data=loads method=type3 ; 
  class block bl ; 
 * model &var = BL Year BL*Year / ddfm=kr residual outpm=resid;           /* original model */  
  model &var = BL  BL*Year / ddfm=kr noint solution residual outpm=phresid;    /* run to get 
 estimates in original model */ 
  random Block ; 
  contrast 'Slope CvsH' bl*year 1 -1 0; 
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  contrast 'Slope CvsL' bl*year 1 0 -1; 
  contrast 'Slope HvsL' bl*year 0 1 -1; 
  contrast 'Intercept CvsH' bl 1 -1 0; 
  contrast 'Intercept CvsL' bl 1 0 -1; 
  contrast 'Intercept HvsL' bl 0 1 -1; 
run; 
quit; 
   
title3 'Parameter ESTIMATES for 2nd TEST - common slope, different intercept'; 
title4 "---------- &var ----------"; 
proc mixed data=loads method=type3 ; 
  class block bl ; 
* model &var = BL Year         / ddfm=kr residual outpm=ph2resid;                   /* run when 
 BL*year NS to test common slope = 0 */ 
  model &var = BL Year         / ddfm=kr noint solution residual outpm=phresid;    /* run to get 
 estimates in common slope model */ 
  random Block ; 
 * estimate 'Intercept C' intercept 1 bl 1 0 0; 
 * estimate 'Intercept H' intercept 1 bl 0 1 0; 
 * estimate 'Intercept L' intercept 1 bl 0 0 1; 
  estimate 'Common Slope' year 1; 
  contrast 'Intercept CvsH' bl 1 -1 0; 
  contrast 'Intercept CvsL' bl 1 0 -1; 
  contrast 'Intercept HvsL' bl 0 1 -1; 
run; 
  
%MEnd xxx; 
  
%xxx(var=Vol        ); 
%xxx(var=pH         ); 
%xxx(var=redox     ); 
%xxx(var=EC         ); 
%xxx(var=NO3       ); 
%xxx(var=NH3       ); 
%xxx(var=PO4        ); 
%xxx(var=DOC       ); 
%xxx(var=Al         ); 
%xxx(var=As         ); 
%xxx(var=B          ); 
%xxx(var=Ca         ); 
%xxx(var=Cd         ); 
%xxx(var=Co         ); 
%xxx(var=Cr         ); 
%xxx(var=Cu         ); 
%xxx(var=Fe         ); 
%xxx(var=K          ); 
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%xxx(var=Mg         ); 
%xxx(var=Mn         ); 
%xxx(var=Mo         ); 
%xxx(var=Na         ); 
%xxx(var=Ni         ); 
%xxx(var=TP         ); 
%xxx(var=Pb         ); 
%xxx(var=S          ); 
%xxx(var=Se         ); 
%xxx(var=Ti         ); 
%xxx(var=Zn         ); 
%xxx(var=fwmNO3 ); 
%xxx(var=fwmNH3 ); 
%xxx(var=fwmPO4  ); 
%xxx(var=fwmDOC ); 
%xxx(var=fwmAl      ); 
%xxx(var=fwmAs      ); 
%xxx(var=fwmB       ); 
%xxx(var=fwmCa      ); 
%xxx(var=fwmCd      ); 
%xxx(var=fwmCo      ); 
%xxx(var=fwmCr      ); 
%xxx(var=fwmCu      ); 
%xxx(var=fwmFe      ); 
%xxx(var=fwmK       ); 
%xxx(var=fwmMg   ); 
%xxx(var=fwmMn  ); 
%xxx(var=fwmMo    ); 
%xxx(var=fwmNa      ); 
%xxx(var=fwmNi      ); 
%xxx(var=fwmP   ); 
%xxx(var=fwmPb      ); 
%xxx(var=fwmS       ); 
%xxx(var=fwmSe      ); 
%xxx(var=fwmTi      ); 
%xxx(var=fwmZn      ); 
%xxx(var=volmm      ); 
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Study BL Block 
Lys 
# 
Drain 
Vol pH Redox EC NO3-N NH3+N 
Year Trtment 
  
(L/ha) 
 
 (mV) (mV) 
 
(Kg/ha) 
 
(Kg/ha) 
1 Low 1 1 2766642 6.30 52.43 149.56 0.032 0.251 
2 Low 1 1 6279218 6.21 63.60 154.62 0.086 0.229 
3 Low 1 1 5907 6.48 48.00 42.05 0.001 0.006 
4 Low 1 1 7573844 5.77 76.62 173.25 4.096 0.318 
5 Low 1 1 5952812 6.12 51.67 99.04 0.046 0.430 
6 Low 1 1 3139989 6.43 11.80 217.54 0.389 0.189 
7 Low 1 1 4353973 6.53 1.34 169.22 0.206 0.224 
8 Low 1 1 3733218 5.82 41.55 163.20 0.181 0.000 
1 High 2 2 2934974 6.13 61.51 210.07 0.022 0.294 
2 High 2 2 6484739 6.11 67.44 245.54 0.394 0.184 
3 High 2 2 7654 5.96 64.00 121.85 0.002 0.004 
4 High 2 2 6807414 5.89 67.58 241.65 1.596 0.322 
5 High 2 2 2987156 6.10 50.82 135.45 0.541 0.243 
6 High 2 2 1719306 6.96 -17.20 377.12 0.756 0.084 
7 High 2 2 2733696 6.83 -13.59 278.93 0.130 0.120 
8 High 2 2 2212049 6.36 9.62 323.58 0.194 0.000 
1 Low 2 3 1745290 6.22 53.06 188.48 0.043 0.199 
2 Low 2 3 6537877 6.01 64.92 233.67 0.179 0.243 
3 Low 2 3 12987 6.18 53.50 225.00 0.001 0.008 
4 Low 2 3 6897921 5.88 69.47 181.60 0.230 0.321 
5 Low 2 3 2392784 5.81 66.53 105.33 0.050 0.177 
6 Low 2 3 1289416 6.71 -2.81 257.43 0.803 0.075 
7 Low 2 3 1978021 6.71 -8.79 226.36 0.107 0.101 
8 Low 2 3 2366355 5.81 42.82 187.96 0.108 0.000 
1 Control 2 4 1192490 6.27 53.87 193.30 0.020 0.060 
2 Control 2 4 6793336 6.04 63.70 173.29 0.126 0.107 
3 Control 2 4 6904 5.91 80.00 42.70 0.003 0.005 
4 Control 2 4 5520995 5.92 69.63 187.57 0.248 0.372 
5 Control 2 4 1626835 5.84 67.89 72.31 0.014 0.109 
6 Control 2 4 1264263 6.27 21.08 137.55 0.129 0.059 
7 Control 2 4 2862721 6.40 9.02 128.73 0.155 0.152 
8 Control 2 4 1595940 5.39 66.84 80.94 0.041 0.000 
1 Control 1 5 7342178 6.40 45.48 244.55 0.293 0.916 
2 Control 1 5 9827727 6.24 52.61 236.19 0.448 0.237 
3 Control 1 5 50052 5.55 93.33 209.70 0.003 0.021 
4 Control 1 5 14537351 5.90 66.99 241.00 0.788 0.930 
5 Control 1 5 8330713 5.97 57.62 156.68 0.108 0.525 
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6 Control 1 5 8124096 6.88 -13.13 316.99 0.784 0.217 
7 Control 1 5 9426148 6.57 -1.25 211.97 0.444 0.135 
8 Control 1 5 6575463 5.93 35.53 168.86 0.393 0.000 
1 High 1 6 8621645 6.53 40.14 174.46 1.321 0.688 
2 High 1 6 9951888 6.16 61.11 196.48 1.483 0.357 
3 High 1 6 29039 6.21 55.00 207.80 0.003 0.003 
4 High 1 6 12791270 5.85 70.77 242.34 2.191 0.864 
5 High 1 6 7737633 6.05 55.10 164.31 0.955 0.780 
6 High 1 6 6385839 6.71 -4.15 267.65 0.393 0.216 
7 High 1 6 7094481 5.85 17.27 188.98 0.537 0.199 
8 High 1 6 5536783 5.76 45.14 182.06 1.299 0.000 
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PO4 DOC Al As B Ca Cd Co Cr 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
0.376 15.059 13.603 0.032 3.582 16.028 0.001 0.030 0.023 
0.741 29.035 92.578 0.548 5.279 46.556 0.000 0.012 0.080 
0.000 0.010 0.120 0.000 0.001 0.022 0.000 0.000 0.000 
0.877 36.273 1.155 0.010 6.735 81.495 0.002 0.001 0.015 
0.492 34.889 2.452 0.039 0.000 86.021 0.004 0.000 0.001 
0.399 15.087 0.074 0.036 0.000 53.248 0.002 0.000 0.005 
0.469 19.641 0.097 0.058 0.000 53.480 0.002 0.000 0.013 
0.000 20.380 8.250 0.048 0.000 61.700 0.006 0.000 0.009 
0.434 10.502 15.436 0.064 4.335 30.937 0.000 0.027 0.027 
1.511 25.184 53.119 0.375 4.484 103.430 0.000 0.006 0.040 
0.001 0.016 0.106 0.000 0.003 0.135 0.000 0.000 0.000 
1.584 27.658 2.143 0.008 6.699 155.269 0.002 0.001 0.009 
0.911 15.497 1.544 0.016 0.000 68.012 0.002 0.000 0.002 
0.414 8.717 0.035 0.020 0.000 64.180 0.001 0.000 0.003 
0.446 12.518 0.045 0.036 0.000 80.794 0.002 0.000 0.009 
0.000 13.791 2.405 0.029 0.000 82.838 0.003 0.000 0.005 
0.521 8.231 11.197 0.034 1.911 18.759 0.000 0.006 0.015 
1.173 24.348 79.084 0.503 5.166 87.530 0.000 0.009 0.087 
0.001 0.039 0.199 0.000 0.022 0.228 0.000 0.000 0.001 
0.899 26.209 0.601 0.019 5.856 125.262 0.003 0.001 0.015 
0.509 9.542 1.432 0.020 0.000 33.215 0.002 0.000 0.001 
0.215 5.285 0.106 0.018 0.000 29.752 0.001 0.000 0.003 
0.122 6.365 0.069 0.027 0.000 43.092 0.001 0.000 0.006 
0.000 9.642 1.853 0.039 0.000 64.066 0.004 0.000 0.006 
0.199 6.466 4.372 0.022 2.333 15.587 0.001 0.025 0.005 
3.900 34.049 68.298 0.479 4.367 73.987 0.000 0.016 0.072 
0.002 0.032 0.188 0.000 0.003 0.043 0.000 0.000 0.000 
2.691 28.179 4.975 0.018 5.797 66.846 0.002 0.000 0.015 
0.892 7.758 0.994 0.011 0.000 16.894 0.001 0.000 0.000 
0.653 5.981 0.436 0.017 0.000 17.734 0.001 0.000 0.003 
0.858 10.857 0.164 0.039 0.000 34.688 0.002 0.000 0.008 
0.000 6.586 1.458 0.020 0.000 18.246 0.003 0.000 0.004 
0.104 15.148 66.028 0.548 6.053 76.072 0.005 0.080 0.054 
0.138 19.163 95.698 0.622 5.023 156.884 0.044 0.046 0.075 
0.002 0.149 0.273 0.000 0.088 1.963 0.000 0.000 0.001 
0.328 34.888 6.911 0.009 10.245 304.417 0.012 0.001 0.023 
0.138 18.100 1.685 0.054 0.000 168.927 0.006 0.000 0.010 
0.365 16.815 0.153 0.087 0.000 233.759 0.005 0.000 0.023 
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0.162 16.858 0.162 0.128 0.000 192.301 0.007 0.000 0.039 
0.000 13.249 13.212 0.086 0.000 137.783 0.010 0.000 0.307 
0.047 16.366 87.437 0.452 9.952 52.323 0.018 0.082 0.101 
0.019 18.785 117.390 0.738 5.298 116.721 0.008 0.012 0.056 
0.000 0.102 0.343 0.000 0.051 0.687 0.000 0.000 0.000 
0.120 32.732 9.388 0.005 7.070 249.582 0.003 0.003 0.039 
0.061 22.536 2.913 0.085 0.000 195.902 0.007 0.000 0.005 
0.259 13.542 0.107 0.073 0.000 127.200 0.004 0.000 0.021 
0.107 15.965 0.122 0.097 0.000 80.435 0.004 0.000 0.108 
0.000 14.196 33.513 0.072 0.000 54.800 0.008 0.000 0.057 
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Cu Fe K Mg Mn Mo Na Ni P 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
0.003 0.753 40.345 6.858 0.050 0.035 31.770 0.063 0.266 
0.000 2.878 97.215 19.787 0.042 0.043 71.754 0.065 0.489 
0.000 0.001 0.015 0.008 0.000 0.000 0.018 0.000 0.000 
0.025 1.647 126.979 33.384 0.076 0.031 107.237 0.068 0.971 
0.043 0.333 87.278 33.547 0.003 0.000 91.367 0.031 0.661 
0.017 0.201 58.012 21.421 0.003 0.000 53.868 0.032 0.406 
0.062 0.239 61.886 22.138 0.025 0.000 65.116 0.028 0.572 
0.051 0.116 60.313 22.732 0.093 0.000 83.308 0.016 0.403 
0.002 0.722 58.052 10.848 0.065 0.047 33.514 0.097 0.369 
0.001 1.089 129.119 36.358 0.062 0.061 70.507 0.056 1.147 
0.000 0.000 0.073 0.040 0.000 0.000 0.054 0.000 0.001 
0.018 0.386 149.686 53.084 0.047 0.019 103.670 0.029 1.683 
0.026 0.338 55.900 22.859 0.015 0.000 51.039 0.012 1.068 
0.009 0.051 47.581 21.761 0.050 0.000 35.895 0.006 0.442 
0.043 0.114 60.750 28.218 0.088 0.000 49.124 0.013 0.692 
0.030 0.014 53.895 25.397 0.110 0.000 62.933 0.007 0.624 
0.001 0.622 31.925 6.657 0.038 0.007 16.538 0.025 0.262 
0.000 1.690 122.994 30.564 0.294 0.044 62.938 0.079 0.735 
0.000 0.000 0.224 0.079 0.000 0.000 0.184 0.001 0.001 
0.028 1.161 148.006 41.591 0.120 0.031 88.656 0.060 0.963 
0.016 0.494 33.494 10.680 0.036 0.000 27.039 0.015 0.552 
0.005 0.050 29.327 10.106 0.010 0.000 22.433 0.010 0.189 
0.024 0.069 37.558 14.810 0.019 0.000 31.713 0.011 0.176 
0.030 0.045 51.160 19.249 0.044 0.000 53.235 0.033 0.198 
0.001 0.082 20.585 5.798 0.048 0.022 12.752 0.053 0.266 
0.005 3.524 101.505 25.833 0.074 0.058 54.880 0.047 4.874 
0.000 0.001 0.017 0.009 0.000 0.000 0.022 0.001 0.001 
0.024 1.438 85.250 22.253 0.028 0.023 53.283 0.052 2.741 
0.010 0.320 17.520 5.452 0.008 0.000 12.826 0.008 0.910 
0.008 0.210 19.363 6.129 0.002 0.000 13.040 0.007 0.679 
0.040 0.228 34.150 12.093 0.006 0.000 20.982 0.007 1.090 
0.023 0.206 17.081 5.703 0.007 0.000 11.405 0.008 0.753 
0.004 1.096 159.785 25.952 0.296 0.064 98.285 0.321 0.005 
0.037 0.482 250.444 57.510 0.201 0.094 126.764 0.091 0.006 
0.000 0.000 1.969 0.774 0.001 0.000 1.348 0.005 0.002 
0.017 0.232 339.814 97.590 0.094 0.029 211.522 0.051 0.340 
0.058 0.024 159.143 54.681 0.065 0.000 113.479 0.022 0.416 
0.051 0.068 205.470 80.022 0.089 0.000 119.647 0.056 0.225 
141 
 
0.119 0.238 174.991 65.368 0.090 0.000 89.225 0.047 0.360 
0.069 0.023 124.105 41.973 0.046 0.000 53.079 0.094 0.118 
0.018 1.848 152.933 22.177 0.496 0.086 101.653 0.298 0.000 
0.001 0.706 196.561 43.905 0.159 0.048 98.339 0.185 0.000 
0.000 0.000 0.810 0.239 0.000 0.001 0.494 0.003 0.000 
0.031 0.682 279.732 88.112 0.158 0.050 162.776 0.242 0.086 
0.078 0.025 158.811 65.069 0.035 0.000 129.178 0.095 0.306 
0.069 0.119 123.710 43.341 0.042 0.000 92.263 0.120 0.242 
0.113 0.035 97.367 28.746 0.058 0.000 105.144 0.129 0.196 
0.103 0.125 76.595 18.114 0.013 0.000 96.245 0.080 0.131 
 
  
142 
 
Pb S Se Ti Zn 
FWM 
NO3 
FWM 
NH3 
FWM 
PO4 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) 
 
(Kg/ha) (mg/L) (mg/L) (mg/L) 
0.021 12.047 0.003 0.023 0.644 0.012 0.091 0.136 
0.021 77.265 0.024 0.128 1.276 0.014 0.037 0.118 
0.000 0.006 0.000 0.000 0.004 0.115 1.016 0.067 
0.000 60.044 0.000 0.024 1.791 0.541 0.042 0.116 
0.000 97.395 1.878 0.000 1.159 0.008 0.072 0.083 
0.000 45.323 1.331 0.000 0.985 0.124 0.060 0.127 
0.000 49.088 2.770 0.000 1.113 0.047 0.052 0.108 
0.000 80.949 1.707 0.000 1.006 0.049 0.000 0.000 
0.063 25.644 0.002 0.019 0.947 0.008 0.100 0.148 
0.043 119.937 0.021 0.043 1.078 0.061 0.028 0.233 
0.000 0.027 0.000 0.000 0.003 0.190 0.577 0.128 
0.000 56.421 0.000 0.018 1.425 0.234 0.047 0.233 
0.000 32.869 0.945 0.000 0.415 0.181 0.081 0.305 
0.000 15.975 0.750 0.000 0.472 0.440 0.049 0.241 
0.000 27.603 1.752 0.000 0.518 0.048 0.044 0.163 
0.000 51.213 0.820 0.000 0.322 0.088 0.000 0.000 
0.047 9.418 0.016 0.011 0.293 0.025 0.114 0.298 
0.054 110.312 0.005 0.054 1.302 0.027 0.037 0.179 
0.000 0.087 0.000 0.000 0.008 0.076 0.574 0.071 
0.000 67.195 0.000 0.013 1.640 0.033 0.047 0.130 
0.000 20.932 0.755 0.000 0.401 0.021 0.074 0.213 
0.000 21.725 0.607 0.000 0.439 0.623 0.058 0.167 
0.000 30.186 1.187 0.000 0.413 0.054 0.051 0.062 
0.000 51.478 0.697 0.000 0.412 0.046 0.000 0.000 
0.038 6.369 0.009 0.018 0.534 0.017 0.050 0.167 
0.102 64.631 0.001 0.173 1.599 0.019 0.016 0.574 
0.001 0.006 0.000 0.000 0.009 0.384 0.717 0.217 
0.000 28.046 0.000 0.034 1.650 0.045 0.067 0.488 
0.000 2.206 0.515 0.000 0.347 0.009 0.067 0.548 
0.000 1.335 0.592 0.000 0.396 0.102 0.047 0.517 
0.000 3.779 1.734 0.000 0.681 0.054 0.053 0.300 
0.000 1.228 0.453 0.000 0.461 0.026 0.000 0.000 
0.065 90.809 0.058 0.063 1.551 0.040 0.125 0.014 
0.048 150.333 0.005 0.056 1.413 0.046 0.024 0.014 
0.000 0.339 0.000 0.000 0.036 0.059 0.421 0.030 
0.000 121.542 0.000 0.014 3.014 0.054 0.064 0.023 
0.000 60.201 2.631 0.000 0.870 0.013 0.063 0.017 
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0.000 61.318 3.488 0.000 1.602 0.096 0.027 0.045 
0.000 44.428 5.506 0.000 1.905 0.047 0.014 0.017 
0.000 24.796 1.959 0.000 0.920 0.060 0.000 0.000 
0.235 107.431 0.035 0.089 1.981 0.153 0.080 0.005 
0.135 213.290 0.036 0.018 2.454 0.149 0.036 0.002 
0.000 0.325 0.000 0.000 0.005 0.092 0.095 0.002 
0.000 152.646 0.000 0.003 2.891 0.171 0.068 0.009 
0.000 127.845 2.442 0.000 1.187 0.123 0.101 0.008 
0.000 75.955 3.088 0.000 1.583 0.062 0.034 0.041 
0.000 108.355 4.086 0.000 2.084 0.076 0.028 0.015 
0.000 97.382 2.794 0.000 1.714 0.235 0.000 0.000 
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FWM 
DOC 
FWM 
Al 
FWM 
As FWM B 
FWM 
Ca 
FWM 
Cd 
FWM 
Co 
FWM 
Cr 
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
5.443 4.917 0.011 1.295 5.793 0.000 0.011 0.008 
4.624 14.744 0.087 0.841 7.414 0.000 0.002 0.013 
1.607 20.315 0.065 0.237 3.698 0.000 0.000 0.024 
4.789 0.153 0.001 0.889 10.760 0.000 0.000 0.002 
5.861 0.412 0.007 0.000 14.451 0.001 0.000 0.000 
4.805 0.023 0.012 0.000 16.958 0.001 0.000 0.002 
4.511 0.022 0.013 0.000 12.283 0.001 0.000 0.003 
5.459 2.210 0.013 0.000 16.527 0.002 0.000 0.002 
3.578 5.259 0.022 1.477 10.541 0.000 0.009 0.009 
3.884 8.191 0.058 0.692 15.950 0.000 0.001 0.006 
2.020 13.834 0.026 0.341 17.626 0.000 0.009 0.028 
4.063 0.315 0.001 0.984 22.809 0.000 0.000 0.001 
5.188 0.517 0.005 0.000 22.768 0.001 0.000 0.001 
5.070 0.021 0.012 0.000 37.329 0.001 0.000 0.002 
4.579 0.017 0.013 0.000 29.555 0.001 0.000 0.003 
6.235 1.087 0.013 0.000 37.448 0.002 0.000 0.002 
4.716 6.416 0.020 1.095 10.748 0.000 0.003 0.009 
3.724 12.096 0.077 0.790 13.388 0.000 0.001 0.013 
2.990 15.345 0.025 1.673 17.539 0.000 0.002 0.098 
3.800 0.087 0.003 0.849 18.159 0.000 0.000 0.002 
3.988 0.599 0.008 0.000 13.881 0.001 0.000 0.001 
4.098 0.082 0.014 0.000 23.074 0.001 0.000 0.002 
3.218 0.035 0.014 0.000 21.786 0.001 0.000 0.003 
4.074 0.783 0.017 0.000 27.074 0.002 0.000 0.003 
5.422 3.667 0.019 1.956 13.071 0.001 0.021 0.004 
5.012 10.054 0.071 0.643 10.891 0.000 0.002 0.011 
4.634 27.196 0.000 0.437 6.290 0.000 0.005 0.025 
5.104 0.901 0.003 1.050 12.108 0.000 0.000 0.003 
4.769 0.611 0.007 0.000 10.385 0.001 0.000 0.000 
4.731 0.345 0.014 0.000 14.027 0.001 0.000 0.002 
3.793 0.057 0.014 0.000 12.117 0.001 0.000 0.003 
4.127 0.913 0.013 0.000 11.433 0.002 0.000 0.002 
2.063 8.993 0.075 0.824 10.361 0.001 0.011 0.007 
1.950 9.738 0.063 0.511 15.963 0.005 0.005 0.008 
2.970 5.454 0.002 1.761 39.223 0.000 0.000 0.019 
2.400 0.475 0.001 0.705 20.940 0.001 0.000 0.002 
2.173 0.202 0.006 0.000 20.278 0.001 0.000 0.001 
2.070 0.019 0.011 0.000 28.774 0.001 0.000 0.003 
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1.789 0.017 0.014 0.000 20.401 0.001 0.000 0.004 
2.015 2.009 0.013 0.000 20.954 0.002 0.000 0.047 
1.898 10.142 0.053 1.154 6.069 0.002 0.010 0.012 
1.888 11.796 0.074 0.532 11.729 0.001 0.001 0.006 
3.525 11.820 0.005 1.739 23.660 0.000 0.000 0.014 
2.559 0.734 0.000 0.553 19.512 0.000 0.000 0.003 
2.913 0.377 0.011 0.000 25.318 0.001 0.000 0.001 
2.121 0.017 0.011 0.000 19.919 0.001 0.000 0.003 
2.250 0.017 0.014 0.000 11.338 0.001 0.000 0.015 
2.564 6.053 0.013 0.000 9.897 0.002 0.000 0.010 
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FWM 
Cu 
FWM 
Fe FWM K 
FWM 
Mg 
FWM 
Mn 
FWM 
Mo 
FWM 
Na 
FWM 
Ni 
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
0.001 0.272 14.583 2.479 0.018 0.013 11.483 0.023 
0.000 0.458 15.482 3.151 0.007 0.007 11.427 0.010 
0.000 0.112 2.498 1.270 0.010 0.016 3.081 0.066 
0.003 0.217 16.766 4.408 0.010 0.004 14.159 0.009 
0.007 0.056 14.662 5.635 0.001 0.000 15.349 0.005 
0.006 0.064 18.475 6.822 0.001 0.000 17.155 0.010 
0.014 0.055 14.214 5.085 0.006 0.000 14.956 0.007 
0.014 0.031 16.156 6.089 0.025 0.000 22.315 0.004 
0.001 0.246 19.779 3.696 0.022 0.016 11.419 0.033 
0.000 0.168 19.911 5.607 0.010 0.009 10.873 0.009 
0.000 0.026 9.489 5.267 0.002 0.024 7.014 0.049 
0.003 0.057 21.989 7.798 0.007 0.003 15.229 0.004 
0.009 0.113 18.713 7.653 0.005 0.000 17.086 0.004 
0.005 0.030 27.675 12.657 0.029 0.000 20.878 0.004 
0.016 0.042 22.223 10.322 0.032 0.000 17.970 0.005 
0.014 0.006 24.364 11.481 0.050 0.000 28.450 0.003 
0.000 0.357 18.292 3.814 0.022 0.004 9.476 0.015 
0.000 0.258 18.813 4.675 0.045 0.007 9.627 0.012 
0.000 0.032 17.217 6.103 0.004 0.021 14.176 0.099 
0.004 0.168 21.457 6.030 0.017 0.005 12.853 0.009 
0.007 0.207 13.998 4.464 0.015 0.000 11.300 0.006 
0.004 0.039 22.744 7.838 0.008 0.000 17.398 0.007 
0.012 0.035 18.988 7.487 0.010 0.000 16.033 0.006 
0.013 0.019 21.620 8.135 0.019 0.000 22.497 0.014 
0.001 0.069 17.262 4.862 0.040 0.018 10.693 0.044 
0.001 0.519 14.942 3.803 0.011 0.009 8.079 0.007 
0.026 0.079 2.402 1.301 0.059 0.015 3.158 0.119 
0.004 0.260 15.441 4.031 0.005 0.004 9.651 0.010 
0.006 0.197 10.770 3.351 0.005 0.000 7.884 0.005 
0.006 0.166 15.316 4.848 0.002 0.000 10.314 0.005 
0.014 0.080 11.929 4.224 0.002 0.000 7.329 0.003 
0.014 0.129 10.703 3.574 0.004 0.000 7.146 0.005 
0.001 0.149 21.763 3.535 0.040 0.009 13.386 0.044 
0.004 0.049 25.483 5.852 0.021 0.010 12.899 0.009 
0.008 0.004 39.335 15.466 0.011 0.008 26.941 0.089 
0.001 0.016 23.375 6.713 0.007 0.002 14.550 0.004 
0.007 0.003 19.103 6.564 0.008 0.000 13.622 0.003 
0.006 0.008 25.291 9.850 0.011 0.000 14.727 0.007 
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0.013 0.025 18.564 6.935 0.010 0.000 9.466 0.005 
0.011 0.004 18.874 6.383 0.007 0.000 8.072 0.014 
0.002 0.214 17.738 2.572 0.058 0.010 11.790 0.035 
0.000 0.071 19.751 4.412 0.016 0.005 9.881 0.019 
0.003 0.013 27.901 8.238 0.011 0.028 17.020 0.114 
0.002 0.053 21.869 6.888 0.012 0.004 12.726 0.019 
0.010 0.003 20.525 8.409 0.005 0.000 16.695 0.012 
0.011 0.019 19.373 6.787 0.007 0.000 14.448 0.019 
0.016 0.005 13.724 4.052 0.008 0.000 14.821 0.018 
0.019 0.023 13.834 3.272 0.002 0.000 17.383 0.014 
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FWM P 
FWM 
Pb FWM S 
FWM 
Se 
FWM 
Ti 
FWM 
Zn Drain 
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mm) 
0.096 0.008 4.354 0.001 0.008 0.233 276.7 
0.078 0.003 12.305 0.004 0.020 0.203 627.9 
0.062 0.017 0.929 0.000 0.006 0.651 0.6 
0.128 0.000 7.928 0.000 0.003 0.236 757.4 
0.111 0.000 16.361 0.316 0.000 0.195 595.3 
0.129 0.000 14.434 0.424 0.000 0.314 314.0 
0.131 0.000 11.274 0.636 0.000 0.256 435.4 
0.108 0.000 21.684 0.457 0.000 0.270 373.3 
0.126 0.022 8.737 0.001 0.007 0.323 293.5 
0.177 0.007 18.495 0.003 0.007 0.166 648.5 
0.112 0.047 3.484 0.000 0.000 0.422 0.8 
0.247 0.000 8.288 0.000 0.003 0.209 680.7 
0.358 0.000 11.004 0.316 0.000 0.139 298.7 
0.257 0.000 9.291 0.436 0.000 0.274 171.9 
0.253 0.000 10.097 0.641 0.000 0.190 273.4 
0.282 0.000 23.152 0.371 0.000 0.145 221.2 
0.150 0.027 5.396 0.009 0.007 0.168 174.5 
0.112 0.008 16.873 0.001 0.008 0.199 653.8 
0.068 0.000 6.678 0.000 0.000 0.639 1.3 
0.140 0.000 9.741 0.000 0.002 0.238 689.8 
0.231 0.000 8.748 0.316 0.000 0.168 239.3 
0.146 0.000 16.849 0.471 0.000 0.340 128.9 
0.089 0.000 15.261 0.600 0.000 0.209 197.8 
0.084 0.000 21.754 0.294 0.000 0.174 236.6 
0.223 0.032 5.341 0.008 0.015 0.448 119.2 
0.717 0.015 9.514 0.000 0.026 0.235 679.3 
0.199 0.075 0.836 0.000 0.001 1.311 0.7 
0.497 0.000 5.080 0.000 0.006 0.299 552.1 
0.560 0.000 1.356 0.316 0.000 0.213 162.7 
0.537 0.000 1.056 0.469 0.000 0.313 126.4 
0.381 0.000 1.320 0.606 0.000 0.238 286.3 
0.472 0.000 0.770 0.284 0.000 0.289 159.6 
0.001 0.009 12.368 0.008 0.009 0.211 734.2 
0.001 0.005 15.297 0.001 0.006 0.144 982.8 
0.036 0.004 6.766 0.000 0.000 0.727 5.0 
0.023 0.000 8.361 0.000 0.001 0.207 1453.7 
0.050 0.000 7.226 0.316 0.000 0.104 833.1 
0.028 0.000 7.548 0.429 0.000 0.197 812.4 
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0.038 0.000 4.713 0.584 0.000 0.202 942.6 
0.018 0.000 3.771 0.298 0.000 0.140 657.5 
0.000 0.027 12.461 0.004 0.010 0.230 862.2 
0.000 0.014 21.432 0.004 0.002 0.247 995.2 
0.009 0.000 11.185 0.000 0.000 0.184 2.9 
0.007 0.000 11.934 0.000 0.000 0.226 1279.1 
0.040 0.000 16.522 0.316 0.000 0.153 773.8 
0.038 0.000 11.894 0.484 0.000 0.248 638.6 
0.028 0.000 15.273 0.576 0.000 0.294 709.4 
0.024 0.000 17.588 0.505 0.000 0.310 553.7 
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Appendix 2-2.  Example SAS program for analysis of variance run as a macro and related data. 
 
options mprint; 
  
title '8 YEAR LEACHATE LOADS and FWM -- Richard McMullen --'; 
title2 'All elements Leachate '; 
  
data loads; 
  infile 'F:\McMullen\Leachate\SAS\8yearANOVA\8yearTotals.csv' firstobs=2 DLM=',' 
 truncover LRECL = 600 DSD; 
  input BL $ Block Lys Vol pH redox EC NO3 NH3 PO4 DOC Al As B Ca 
        Cd Co Cr Cu Fe K Mg Mn Mo Na Ni TP Pb S Se Ti Zn fwmNO3 fwmNH3 
        fwmPO4 fwmDOC fwmAl fwmAs fwmB fwmCa fwmCd fwmCo fwmCr fwmCu 
        fwmFe fwmK fwmMg fwmMn fwmMo fwmNa fwmNi fwmP fwmPb fwmS fwmSe fwmTi 
fwmZn ; 
  label BL = 'Broiler Litter'; 
run; 
  
proc sort data=loads; by block lys; 
run; 
quit; 
  
title3 'INITIAL DATA LISTING'; 
proc print data=loads noobs; by block; 
  id block; 
  var lys bl Vol pH redox EC NO3 NH3 PO4 DOC Al As B Ca 
        Cd Co Cr Cu Fe K Mg Mn Mo Na Ni TP Pb S Se Ti Zn fwmNO3 fwmNH3 
        fwmPO4 fwmDOC fwmAl fwmAs fwmB fwmCa fwmCd fwmCo fwmCr fwmCu 
        fwmFe fwmK fwmMg fwmMn fwmMo fwmNa fwmNi fwmP fwmPb fwmS fwmSe 
        fwmTi fwmZn ; 
run ; 
quit; 
  
%Macro xxx(var=); 
  
title3 'ANALYSIS OF VARIANCE'; 
title4 "---------- &var ----------"; 
proc mixed data=loads method=type3 ; 
  class block bl; 
  model &var = BL ; 
  random block; 
  lsmeans BL; 
  contrast 'Control vs High'  bl 1 -1 0 ; 
  contrast 'Control vs Low' bl 1 0 -1 ; 
  contrast 'Low vs High' bl 0 1 -1 ; 
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run; 
   
%MEnd xxx; 
  
%xxx(var=Vol        ); 
%xxx(var=pH         ); 
%xxx(var=redox      ); 
%xxx(var=EC         ); 
%xxx(var=NO3        ); 
%xxx(var=NH3        ); 
%xxx(var=PO4        ); 
%xxx(var=DOC        ); 
%xxx(var=Al         ); 
%xxx(var=As         ); 
%xxx(var=B          ); 
%xxx(var=Ca         ); 
%xxx(var=Cd         ); 
%xxx(var=Co         ); 
%xxx(var=Cr         ); 
%xxx(var=Cu         ); 
%xxx(var=Fe         ); 
%xxx(var=K          ); 
%xxx(var=Mg         ); 
%xxx(var=Mn         ); 
%xxx(var=Mo         ); 
%xxx(var=Na         ); 
%xxx(var=Ni         ); 
%xxx(var=TP         ); 
%xxx(var=Pb         ); 
%xxx(var=S          ); 
%xxx(var=Se         ); 
%xxx(var=Ti         ); 
%xxx(var=Zn         ); 
%xxx(var=fwmNO3 ); 
%xxx(var=fwmNH3 ); 
%xxx(var=fwmPO4 ); 
%xxx(var=fwmDOC  ); 
%xxx(var=fwmAl      ); 
%xxx(var=fwmAs      ); 
%xxx(var=fwmB       ); 
%xxx(var=fwmCa      ); 
%xxx(var=fwmCd      ); 
%xxx(var=fwmCo      ); 
%xxx(var=fwmCr      ); 
%xxx(var=fwmCu      ); 
%xxx(var=fwmFe      ); 
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%xxx(var=fwmK       ); 
%xxx(var=fwmMg  ); 
%xxx(var=fwmMn   ); 
%xxx(var=fwmMo  ); 
%xxx(var=fwmNa      ); 
%xxx(var=fwmNi      ); 
%xxx(var=fwmP       ); 
%xxx(var=fwmPb      ); 
%xxx(var=fwmS       ); 
%xxx(var=fwmSe      ); 
%xxx(var=fwmTi      ); 
%xxx(var=fwmZn      ); 
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Note:  The 8-yr data set is presented as transposed. 
 
BL Trmnt Low High Low Control Control High 
Block 1 2 2 2 1 1 
Lys # 1 2 3 4 5 6 
SumVol(L/ha) 33805604 25886987 23220651 20863485 64213728 58148579 
Mean pH 6.21 6.29 6.17 6.00 6.18 6.14 
Mean redox (mV) 43.4 36.3 42.3 54.0 42.1 42.5 
Mean EC 146.1 241.8 200.7 127.0 223.2 203.0 
SumNO3-N (Kg/ha) 5.037 3.634 1.521 0.735 3.261 8.182 
SumNH3+N (Kg/ha) 1.647 1.253 1.123 0.864 2.981 3.107 
SumPO4 (Kg/ha) 3.353 5.300 3.439 9.194 1.236 0.612 
SumDOC (Kg/ha) 170.374 113.884 89.661 99.908 134.371 134.224 
SumAl Kg/ha 118.327 74.834 94.542 80.885 184.123 251.212 
SumAs kg/ha 0.771 0.548 0.660 0.606 1.534 1.522 
SumB  kg/ha 15.598 15.520 12.955 12.500 21.408 22.370 
SumCa kg/ha 398.550 585.595 401.905 244.025 1272.106 877.649 
SumCd kg/ha 0.018 0.011 0.010 0.009 0.088 0.053 
SumCo kg/ha 0.043 0.034 0.015 0.042 0.126 0.098 
SumCr kg/ha 0.145 0.096 0.135 0.107 0.531 0.386 
SumCu kg/ha 0.202 0.129 0.104 0.110 0.356 0.414 
SumFe kg/ha 6.166 2.715 4.131 6.009 2.163 3.541 
SumK kg/ha 532.042 555.055 454.686 295.469 1415.722 1086.518 
SumMg kg/ha 159.874 198.567 133.738 83.270 423.869 309.702 
SumMn kg/ha 0.292 0.437 0.561 0.174 0.882 0.962 
SumMo kg/ha 0.109 0.127 0.083 0.103 0.187 0.185 
SumNa kg/ha 504.437 406.735 302.736 179.190 813.349 786.091 
SumNi kg/ha 0.304 0.220 0.235 0.182 0.687 1.152 
SumP kg/ha 3.768 6.028 3.074 11.316 1.472 0.961 
SumPb kg/ha 0.042 0.107 0.101 0.141 0.114 0.370 
SumS kg/ha 422.115 329.688 311.334 107.599 553.766 883.229 
SumSe kg/ha 7.714 4.290 3.265 3.304 13.647 12.482 
SumTi kg/ha 0.175 0.081 0.078 0.225 0.133 0.110 
SumZn kg/ha 7.977 5.178 4.907 5.677 11.310 13.898 
FWM NO3-N (mg/L) 0.149 0.140 0.066 0.035 0.051 0.141 
FWM NH3-N (mg/L) 0.049 0.048 0.048 0.041 0.046 0.053 
FWM PO4 (mg/L) 0.099 0.205 0.148 0.441 0.019 0.011 
FWM DOC (mg/L) 5.040 4.399 3.861 4.789 2.093 2.308 
FWM Al mg/L 3.500 2.891 4.071 3.877 2.867 4.320 
FWM As mg/L 0.023 0.021 0.028 0.029 0.024 0.026 
FWM B  mg/L 0.461 0.600 0.558 0.599 0.333 0.385 
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FWM Ca mg/L 11.790 22.621 17.308 11.696 19.811 15.093 
FWM Cd mg/L 0.001 0.000 0.000 0.000 0.001 0.001 
FWM Co mg/L 0.001 0.001 0.001 0.002 0.002 0.002 
FWM Cr mg/L 0.004 0.004 0.006 0.005 0.008 0.007 
FWM Cu mg/L 0.006 0.005 0.005 0.005 0.006 0.007 
FWM Fe mg/L 0.182 0.105 0.178 0.288 0.034 0.061 
FWM K mg/L 15.738 21.442 19.581 14.162 22.047 18.685 
FWM Mg mg/L 4.729 7.671 5.759 3.991 6.601 5.326 
FWM Mn mg/L 0.009 0.017 0.024 0.008 0.014 0.017 
FWM Mo mg/L 0.003 0.005 0.004 0.005 0.003 0.003 
FWM Na mg/L 14.922 15.712 13.037 8.589 12.666 13.519 
FWM Ni mg/L 0.009 0.009 0.010 0.009 0.011 0.020 
FWM P mg/L 0.112 0.233 0.132 0.542 0.023 0.017 
FWM Pb mg/L 0.001 0.004 0.004 0.007 0.002 0.006 
FWM S mg/L 12.487 12.736 13.408 5.157 8.624 15.189 
FWM Se mg/L 0.228 0.166 0.141 0.158 0.213 0.215 
FWM Ti mg/L 0.005 0.003 0.003 0.011 0.002 0.002 
FWM Zn mg/L 0.236 0.200 0.211 0.272 0.176 0.239 
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Appendix 2-3.  Example SAS program for Pearson’s correlation analysis.  
 
options mprint; 
  
title 'Annual Runoff LOADS and FWM -- Richard McMullen --'; 
title2 'All elements Runoff Correlations with Rainfall-mm and Runoff-mm'; 
  
data loads; 
  infile 'F:\McMullen\Runoff\SAS\Correlations\AnnualROHalfLimitCorrelations.csv' firstobs=2 
DLM=',' truncover LRECL = 600 DSD; 
  input Year BL $ lys Block Vol ROmm pH redox EC NO3 NH4 PO4 DOC Al As Ca  
        Cd Cr Cu Fe K Mg Mn Na Ni TP S Se Zn fwmNO3 fwmNH4 
        fwmPO4 fwmDOC fwmAl fwmAs fwmCa fwmCd fwmCr fwmCu 
        fwmFe fwmK fwmMg fwmMn fwmNa fwmNi fwmP fwmS fwmSe fwmZn rain; 
 * year = 2002 + year; 
  label BL = 'Broiler Litter'; 
run; 
  
proc sort data=loads; by year block lys; 
run; 
quit; 
  
title3 'INITIAL DATA LISTING'; 
proc print data=loads noobs; by year block; 
  id year block; 
  var lys bl ROmm pH redox EC NO3 NH4 PO4 DOC Al As Ca 
        Cd Cr Cu Fe K Mg Mn Na Ni TP S Se Zn fwmNO3 fwmNH4 
        fwmPO4 fwmDOC fwmAl fwmAs fwmCa fwmCd fwmCr fwmCu 
        fwmFe fwmK fwmMg fwmMn fwmNa fwmNi fwmP fwmS fwmSe 
        fwmZn rain; 
run cancel; 
quit; 
 
 title3 'Correlations'; 
title4 "----------  ----------"; 
 
 ods graphics on; 
proc corr data=loads plots=matrix(histogram); 
var Year ROmm pH redox EC NO3 NH4 PO4 DOC Al As Ca 
        Cd Cr Cu Fe K Mg Mn Na Ni TP S Se Zn fwmNO3 fwmNH4 
        fwmPO4 fwmDOC fwmAl fwmAs fwmCa fwmCd fwmCr fwmCu 
        fwmFe fwmK fwmMg fwmMn fwmNa fwmNi fwmP fwmS fwmSe fwmZn rain;  
run ; 
ods graphics off;  
run; 
quit; 
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Appendix 2-4.  Example SAS program for analysis of variance for annual and 8-yr cumulative 
above ground dry matter production run as a macro and related data.  
 
 
options mprint; 
  
title 'Annual Above Ground Biomass and 8-yr Cumulative AGB -- Richard McMullen --'; 
title2 'ANOVA blocks fixed'; 
  
data AGB; 
  infile 'F:\McMullen\Biomass\SAS\AGByear1thru8.csv' firstobs=3 DLM=',' truncover LRECL = 
 600 DSD; 
  input Lys BL $ Yr1 Yr2 Yr3 Yr4 Yr5 Yr6 Yr7 Yr8 CumAGB; 
  label BL = 'Broiler Litter'; 
run; 
  
proc sort data=AGB; by bl lys; 
run; 
quit; 
  
title3 'INITIAL DATA LISTING'; 
proc print data=AGB noobs; by bl lys; 
  id bl lys; 
  var Yr1 Yr2 Yr3 Yr4 Yr5 Yr6 Yr7 Yr8 CumAGB; 
run ; 
quit; 
  
%Macro xxx(var=); 
   
title3 'ANOVA'; 
title4 "---------- &var ----------"; 
proc mixed data=AGB method=type3 ; 
  class bl ; 
  model &var = BL      / ddfm=kr residual outpm=ph2resid;    
  lsmeans bl; 
  contrast 'CvsH' bl 1 -1 0; 
  contrast 'CvsL' bl 1 0 -1; 
  contrast 'HvsL' bl 0 1 -1; 
 
 run; 
  
%MEnd xxx; 
  
%xxx(var=Yr1       ); 
%xxx(var=Yr2       ); 
%xxx(var=Yr3       ); 
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%xxx(var=Yr4       ); 
%xxx(var=Yr5       ); 
%xxx(var=Yr6       ); 
%xxx(var=Yr7       ); 
%xxx(var=Yr8       ); 
%xxx(var=CumAGB    ); 
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Lys Block Treatment Year 
AGB 
(kg/ha) 
4 2 Control 1 5393 
1 1 Low 1 8260 
2 2 High 1 11120 
5 1 Control 1 4497 
3 2 Low 1 9092 
6 1 High 1 12856 
4 2 Control 2 5997 
1 1 Low 2 9504 
2 2 High 2 12206 
5 1 Control 2 5222 
3 2 Low 2 8854 
6 1 High 2 12186 
4 2 Control 3 4940 
1 1 Low 3 7853 
2 2 High 3 10006 
5 1 Control 3 5728 
3 2 Low 3 7295 
6 1 High 3 12736 
4 2 Control 4 5384 
1 1 Low 4 11052 
2 2 High 4 10778 
5 1 Control 4 5292 
3 2 Low 4 10880 
6 1 High 4 12560 
4 2 Control 5 5358 
1 1 Low 5 11192 
2 2 High 5 15288 
5 1 Control 5 5860 
3 2 Low 5 9608 
6 1 High 5 15396 
4 2 Control 6 10074 
1 1 Low 6 11376 
2 2 High 6 14990 
5 1 Control 6 8844 
3 2 Low 6 15710 
6 1 High 6 17186 
4 2 Control 7 11189 
1 1 Low 7 13275 
2 2 High 7 19355 
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5 1 Control 7 9558 
3 2 Low 7 17701 
6 1 High 7 22196 
4 2 Control 8 9172 
1 1 Low 8 12966 
2 2 High 8 16080 
5 1 Control 8 14864 
3 2 Low 8 12169 
6 1 High 8 27076 
 
 
 
 
Lys Block Treatment 8yrCumulative(kg/ha) 
4 2 Control 57507 
1 1 Low 85478 
2 2 High 109823 
5 1 Control 59865 
3 2 Low 91309 
6 1 High 132192 
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Chapter Three 
 
Long-term Runoff and Runoff Water Quality Trends from a  
Broiler Litter-amended Udult in the Ozark Highlands 
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Abstract 
The United States produced 8.4 billion broiler chickens (Gallus gallus) in 2012.  
Similarly, the state of Arkansas produced 1.0 billion broilers and an estimated 1.1 million Mg of 
broiler litter (BL).  Repeated annual land applications of BL to pastures to increase forage yields 
has increased concerns for potential surface water contamination from runoff.  The objective of 
this study was to determine long-term linear trends in runoff and runoff water quality under 
natural precipitation for 8 years from a Captina silt- loam soil (fine-silty, siliceous, active, mesic 
Typic Fragiudult) under forage management amended annually with BL at three application rates 
[0 (control), 5.6 (low), and 11.2 (high) Mg BL ha-1] after having a history of BL amendments.  
Runoff was collected after each runoff-producing event during the 8-yr period (i.e., May 2003 to 
May 2011).  Runoff pH, oxidation-reduction potential (ORP), electrical conductivity (EC), and 
soluble plant nutrients (i.e., NO3-N, NH4-N, PO4-P, Ca, K, Mg, Na, and P), trace metals (i.e., As, 
Cd, Cr, Cu, Fe, Mn, Ni, Se, and Zn), and dissolved organic carbon (DOC) were measured.  
Annual flow-weighted-mean (FWM) concentrations and annual loads were determined.  Average 
annual runoff, FWM runoff concentrations of Ca, Cd, Cu, Na, and Se, and all nutrient and metal 
loads increased over time, but were unaffected by BL application rate.  Average annual runoff 
pH, EC, FWM runoff concentrations of NO3-N, NH4-N, PO4-P, Cr, K, Mg, Mn, Ni, P, Zn, and 
DOC did not vary over time and were also unaffected by BL application rate.  Average annual 
ORP and FWM As decreased over time and were unaffected by BL.  Continued annual additions 
of BL at the high application rate increased average annual FWM runoff Fe (0.23 mg L-1) 
concentrations relative to the unamended control (0.13 mg L-1) and low (0.08 mg L-1) BL 
treatments, but did not vary over time.  Eight-year cumulative runoff loads of C, N, P, K, Ca, 
Mg, Mn, Cr, Cu, Fe, Ni, and Zn represented less than 2% of that applied in litter treatments, 
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while cumulative runoff loads of NO3-N, Na, and Cd were between 3 and 58 % of that applied in 
BL.  Cumulative runoff Se loads exceeded 100% of that applied in BL.  A 205.6 mm rainfall 
event during a 42-hr period was responsible for 96 % of the total annual runoff during 2010, 
which was highly influential for the year, as well as for the entire 8-yr study, and emphasized the 
importance of long-term observational studies.  Results indicated that pasturelands with a history 
of BL application may continue to release BL-derived As and Se at concentrations harmful to 
health regardless of current management practice long after litter application has ceased.   
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Introduction 
The United States produced 8.4 billion broiler chickens (Gallus gallus) in 2012 (USDA-
NASS, 2013).  The top five broiler-producing states (i.e., Georgia, Alabama, Arkansas, North 
Carolina, and Mississippi) jointly produced 4.9 billion broilers (USDA-NASS, 2013), many of 
which were produced in relatively small geographic regions within each state.  Management of 
the large quantities of waste associated with broiler production in relatively small geographic 
regions has raised environmental concerns regarding water quality.  Referred to as broiler litter 
(BL), the waste is a mixture of excreta, feathers, feed, and bedding material, such as rice (Oryza 
sativa L.) hulls, saw dust, or straw, and is generated at a rate of 1.1 to 1.5 Mg BL per 1000 birds 
(UADACES, 2002).  In 2012, Arkansas produced 1.0 billion broilers and an estimated 1.1 to 1.5 
million Mg of BL, the majority of which was concentrated in the Ozark Highlands region (Major 
Land Resource Area 116A; UADACES, 2002; USDA-NRCS, 2006; USDA-NASS, 2013) of 
northwest Arkansas. 
Broiler litter is a source of plant nutrients and is routinely surface-applied to pasture soils 
near broiler production facilities to increase yields of tall fescue (Lolium arundinaceum Shreb.) 
and other forages (Hileman, 1973; Huneycutt et al., 1988; Brye et al., 2010).  C hemical 
composition and production rates of BL are variable and are influenced by regional practices, 
company practices, type of storage, amount and type of bedding, feed and feed additives, type of 
flooring, and number of flocks raised between cleanouts (Kunkle et al., 1981; Patterson et al., 
1998; Mitchell and Donald, 1999; Hatten et al., 2001; Chamblee et al., 2002; Applegate et al., 
2003; Garbarino et al., 2003).  In the past, BL also contained trace metals, such as arsenic (As), 
cadmium (Cd), copper (Cu), selenium (Se), and zinc (Zn; van der Watt et al., 1994; Garbarino et 
al., 2003; Franzluebbers et al., 2004; Pirani et al., 2006; Menjoulet et al., 2009).  Trace metals 
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like As originated from dietary supplements, such as 3-nitro-4-hydroxylarsonic acid (roxarsone) 
and 4-aminophenylarsonic acid (p-arsanilic acid), that were used to enhance growth by 
controlling coccidiosis, a disease caused by coccidian, a single-celled parasite of the intestine 
(Garbarino et al., 2003; Garbarino et al., 2009).   
Repeated applications, sometimes for decades, of BL to pastures based solely on forage 
nitrogen (N) requirements have resulted in elevated soil concentrations of some nutrients and 
metals (Sharpley et al., 1993; Sharpley et al., 1994; Kingery et al., 1994; Kpomblekou-A et al., 
2002; Sharpley et al., 2004; Daigh et al., 2009) because the rates of nutrient and metal additions 
were greater than the rates of forage uptake and removal.  Similarly, long-term BL applications 
have been reported to increase soil pH (Vadas and Sims, 1998; Sharpley et al., 2004; Daigh et 
al., 2009) and soil organic carbon (C; Sharpley et al., 1993; Sharpley et al., 2004) relative to 
unamended soil.   
Runoff from BL-amended pastures has the potential to contaminate nearby surface waters 
with BL-derived nutrients, which may lead to eutrophication.  Not only does eutrophication of 
surface water reduce the aesthetics of natural environments, but eutrophication also has an 
economic effect by limiting industrial, commercial, recreational, and municipal water uses.  
Additionally, aquatic life, including fisheries, and drinking water may be affected.  In karst 
regions, similar to the Ozark Highlands, impaired surface water may also rapidly enter 
groundwater, which may be used for drinking purposes.  In karst regions, the formation of caves 
and preferential water pathways through soluble carbonate bedrock allows for the free exchange 
of water between surface water and groundwater.  Common surface features associated with the 
free movement of water include loosing streams, sinkholes, springs and cave discharge areas.  
For these reasons, anthropogenic activities, including BL amendments to pasturelands in karst 
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regions, may contaminate surface and groundwater resources (MacDonald et al., 1976; Fetter, 
2001a, b; Peterson et al., 2002; Scott and Ward, 2002; Graening and Brown, 2003; Stueber and 
Criss, 2005; USDA-NRCS, 2006). 
For these reasons, the environmental fate of BL-derived nutrients in runoff must be 
studied.  Because phosphorus (P) is one of the primary limiting nutrients in most water systems 
(Stumm and Morgan, 1996; Carpenter et al. 1998; Kalff, 2002; Schindler et al., 2008; Smith and 
Schindler, 2009) and because P accumulates in BL-amended soil, previous runoff studies have 
tended to focus on P. 
The effect of BL application on runoff nutrient concentrations and losses has been widely 
explored within laboratory (Adeli et al., 2006; Vadas et al., 2004; Kleinman et al., 2002) and 
field studies (DeLaune et al., 2004a, b; DeLaune, 2002; Pote et al., 1999; Sauer et al., 1999; 
Moore et al., 1998; Edwards et al., 1997; Nichols et al., 1994; Edwards and Daniel, 1993) using 
simulated rainfall.  Simulated rainfall studies are important because researchers are able to 
manipulate dependant variables, like rainfall intensity, duration, and frequency, which are 
difficult to control within natural environments.  However, simulated rainfall studies, many 
times, report rainfall rates that are infrequent (i.e., storm events with return rates greater than 5 
years) in nature.  In contrast, watershed studies (Sharpley et al., 2008; Sharpley et al., 1992) use 
natural precipitation and stress the importance of storm events on runoff, but few studies have 
monitored small plots during naturally occurring precipitation (Menjoulet et al., 2009; Sistani et 
al., 2006; Wood et al., 1999) over extended periods of time.  The long-term (i.e., > 5 yr) use of 
field plots to collect runoff in response to natural precipitation events would be well suited to 
determine annual runoff and runoff nutrient loss patterns over time.  However, monitoring runoff 
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losses from natural precipitation events is labor intensive and expensive and is seldom reported 
in the literature.  
Important results of simulated-rainfall- induced runoff studies include increased BL 
application rate increasing runoff concentrations and losses of BL constituents (DeLaune et al., 
2004a; Sauer et al., 1999; Moore et al., 1998; Edwards and Daniel, 1993).  Edwards and Daniel 
(1993) reported linear relationships relating increased runoff concentrations and losses of total 
nitrogen (N), ammonium-N (NH4-N), nitrate-N (NO3-N), total P, dissolved-reactive P (DRP), 
total suspended solids, and chemical oxygen demand (COD) to increased BL application rate.  
DeLaune et al. (2004a) reported similar results for DRP and Moore et al. (1998) reported similar 
BL effects for trace metal (i.e., As, Cu, Fe, K, Na, and Zn) concentrations within runoff.  
Edwards and Daniel (1993) also reported a dilution effect pertaining to rainfall intensity 
and runoff.  Runoff concentrations of total N, total P, DRP, and COD decreased as rainfall 
intensity increased, but losses increased.  The increased runoff thus diluted concentrations, but 
carried more mass (Edwards and Daniel, 1993). 
Few studies have evaluated long-term (i.e., > 5yr) runoff water quality from BL-amended 
soil under natural precipitation (Edwards et al., 1996; Vervoort et al., 1998; Wood et al., 1999; 
Pierson et al., 2001; Sistani et al., 2006; Menjoulet et al., 2009).  Wood et al. (1999) conducted a 
2-yr study of BL application rate and commercial fertilizer effects on seasonal runoff quality in 
Alabama in response to naturally occurring precipitation in a corn (Zea mays L.)-winter rye 
(Secale cereal L.) rotation cropping system.  Results showed that increased BL application rate 
increased flow-weighted-mean (FWM) runoff concentrations of NO3-N, NH4-N, total P, and 
DRP, but results differed among seasons (Wood et al., 1999).   Additionally, seasonal runoff 
losses of K, Mg and Mn were reported to increase with increased BL application rate, but results 
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were not consistent for both years (Wood et al., 1999).  Sistani et al. (2006) evaluated the effect 
of alum-treated BL on runoff water from a sandy- loam soil with a 2-3 % slope in Alabama 
during a 2-yr period.  Results showed that runoff concentrations of NH4-N, total P, soluble-
reactive P, and particulate P were reduced when BL was treated with alum prior to land-
application compared to non-alum-treated BL (Sistani et al., 2006).  Vervoort et al. (1998) 
evaluated the effect of fresh and composted BL at 10 and 20 Mg ha-1 yr-1 and a mixture of fresh 
and composted BL applied in split applications on field-scale N and P runoff losses during a 2-yr 
period in Georgia.  Vervoort et al. (1998) reported the greatest runoff DRP to occur during the 
winter and a BL treatment effect was observed for mean runoff DRP concentrations.  Pierson et 
al. (2001) evaluated the amount of time that runoff P and NH4-N concentrations remained 
elevated when two consecutive years of BL applications were ceased and then followed by two 
more consecutive years of inorganic-N fertilizer.  Results showed decreasing runoff P and NH4-
N concentration trends from four different Ultisols with 6 to 8% slopes after BL applications 
ceased (Pierson et al., 2001).  In northwest AR, Edwards et al. (1996) evaluated the effect of BL 
and ammonium nitrate (NH4NO3) applications on runoff water quality from paired small fields 
with histories of organic amendments.  Runoff NO3-N, NH3-N, total N, PO4-P, and COD 
concentrations were greatest shortly after BL application and then decreased over time during the 
nearly 3-yr study (Edwards et al., 1996).  
In a concurrent study to the one reported here, Menjoulet et al. (2009) summarized the 
four years of BL application rate effects on seasonal and annual plant nutrient and trace metal 
runoff from a tall- fescue-dominated pasture soil in northwest AR in response to natural 
precipitation. Results indicated a lower than expected 4-yr cumulative runoff of 6 mm, which 
was < 0.1 % of the cumulative rainfall for the same time period (Menjoulet et al., 2009).  Broiler 
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litter application rate effects were observed for some plant nutrients and trace metals contained in 
runoff.  Menjoulet et al. (2009) indicated that non-regulated, non-point runoff P concentrations 
from BL-amended soils may attain concentration levels of the same order of magnitude as 
regulated point sources.   
Since broiler litter amendments to pasture soil in regions with intense broiler production 
have occurred for many years, and will likely continue to occur, it is important to identify long-
term (i.e., > 5 yr) annual runoff trends that may affect water quality.  Therefore, the objective of 
this study was to determine long-term linear trends in runoff and runoff water quality under 
natural precipitation for 8 years from a Captina silt- loam soil (fine-silty, siliceous, active, mesic 
Typic Fragiudult) under forage management amended annually with BL at three application rates 
[0 (control), 5.6 (low), and 11.2 (high) Mg BL ha-1] after having a history of BL amendments.  It 
was hypothesized that continued annual additions of BL would increase mean annual runoff pH 
and electrical conductivity (EC), as well as annual FWM concentrations and loads of BL-derived 
dissolved organic carbon (DOC), NO3-N, PO4-P, As, Ca, Cd, Cu, Mg, Na, P, Fe, Ni, Se, and Zn 
relative to an unamended control over the 8-yr study period.  Similarly, it was hypothesized that 
continued annual additions of BL would have no effect on annual runoff and annual FWM 
concentrations and loads of BL-derived NH4-N, K, and Mn relative to an unamended control.  
Additionally, it was hypothesized that 8 years of continued BL application would increase 8-yr 
FWM concentrations and cumulative loads of DOC, NO3-N, PO4-P, As, Ca, Cd, Cu, Mg, Na, P, 
Fe, Ni, Se, and Zn relative to an unamended control. 
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Materials and Methods 
Site Description 
As previously described by Pirani et al. (2006) in a concurrent and related drainage study, 
research was initiated in 2002 at the Agricultural Research and Extension Center in Fayetteville, 
Arkansas (36°05’49.18”N 94°10’44.65”W; elevation: 394.7 m).  Six plots, 6-m long by 1.5-m 
wide, were selected based on similar soil pH {6.2 [standard error (SE) = 0.5]} and Mehlich-3 
extractable P [210 (SE = 24) mg kg-1] in the top 5 cm.  All plots had previously received organic 
amendments in simulated rainfall studies (Edwards and Daniel, 1994; Nichols et al., 1994) and 
were equipped with rustproof, metal edging around each plot’s perimeter to prevent runon and 
collect all runoff water from each 5% west-to-east sloping plot (Pirani et al., 2006).  Aluminum 
gutters were positioned on the down-slope edge of each plot to collect runoff (Pirani et al., 
2006).  Collection gutters were sloped to direct plot runoff into subsurface collection bottles and 
were covered to prevent direct precipitation from entering the runoff collection system 
(Menjoulet et al., 2009).  The research area was mapped as a Captina silt loam (fine-silty, 
siliceous, active, mesic Typic Fragiudult; USDA-NRCS, 2013).  The soil textural class of the top 
10 cm was silt loam with 63 % silt and 5.5 % clay (Pirani et al., 2006).  Initially, ground cover 
was predominately tall fescue (Pirani, 2005), but in recent years other species have become 
increasingly common {i.e., clover (Trifolium spp.), Johnson grass [Sorghum halepense (L.) 
Pers.], and Bermuda grass (Cynodon dactylon L.)}. 
The 30-yr mean annual air temperature and precipitation in Fayetteville, AR are 13.9 °C 
and 123 cm, respectively.  The average date of the first frost is Oct 17 and the average date of the 
last frost is April 15 (NOAA, 2013). 
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Experimental Design and Treatments  
 The six field plots were arranged in a randomized complete block design with two 
replications to evaluate BL application rate effects on runoff and runoff chemistry.  The 
minimum replication in this study was due to the initial (Pirani et al., 2006) and concurrent 
drainage studies (Pirani et al., 2007; McMullen, 2014) that limited replication because of costs 
associated with installation and maintenance of automated equilibrium-tension lysimeters 
(AETL; Masarik et al., 2004) under each plot.  Broiler litter treatments in this study included 
three application rates imposed annually as a single application.  A control treatment received no 
annual BL or inorganic fertilizer.  A low (5.6 Mg dry litter ha-1) and high (11.2 Mg dry litter ha-1) 
BL rate treatment were established based on the current University of Arkansas Cooperative 
Extension Service’s BL application recommendations at the beginning of the study in 2002 
(Pirani et al., 2006).  However, BL application recommendations in Arkansas have since 
changed and are now based on the Phosphorus Index (DeLaune et al., 2004a, b; DeLaune et al., 
2006).  In order to maintain treatment consistency over time, BL treatment application rates 
remained unchanged throughout the study.  
 
Broiler Litter Application and Analyses 
Broiler litter was evenly applied by hand to plots once annually starting 30 April 2003.  
Application occurred approximately the first week of May each year thereafter.  The BL used in 
this study had been collected from a single chicken house after production of 6 to 8 flocks, had 
an age ranging from 12 to 18 months, and had bedding material composed of an equal mixture of 
sawdust and rice hulls (Pirani et al., 2006).  Broiler litter moisture content was determined prior 
to application each year so dry-weight-equivalent amounts of BL could be applied to plots 
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receiving litter.  Each year at the time of application, three BL sub-samples were collected and 
later characterized using procedures for manure analysis (Peters, 2003).  Litter pH and EC were 
determined potentiometrically using a 1:2 BL:water mixture.  Litter NO3-N and NH4-N 
concentrations were determined using a Skalar San Plus automated wet chemistry analyzer 
(Skalar Analytical B.V., The Netherlands) after extraction with potassium chloride.  Total C and 
N were determined by high-temperature combustion using a LECO CN-2000 analyzer (LECO 
Corp., St. Josseph, MI).  Total Ca, Cu, Fe, K, Mg, Mn, Na, P, S, and Zn were determined by 
inductively coupled, argon plasma (ICP) mass spectrometry (ICP; CIROS CCD model, Spectro 
Analytical Instruments, MA) after nitric acid digestion and treatment with hydrogen peroxide.  
Similarly, ICP was used to determine total recoverable Al, As, Cd, Cr, Ni, and Se after digestion 
with nitric and hydrochloric acids, hydrogen peroxide, and heat (USEPA, 1996).   
 
Runoff Collection and Analyses 
Beginning immediately after the 2003 BL application, runoff was collected from each 
plot after every runoff-producing precipitation event for an 8-yr period.  Total runoff volume was 
measured for each plot for each event.  Because runoff volumes varied by event, a hierarchal 
procedure was followed based on sample volume and importance of measurements.  The first 20-
mL of sample from each plot was used to determine runoff pH, EC, and oxidation-reduction 
potential (ORP) immediately upon returning to the lab and then discarded.  A conductivity cell 
(VWR™ sympHony™, No. 11388-382) was used for EC measurements and a combination 
pH/ORP electrode (Orion Triode™, No. 91-79 ORP) was used for pH and ORP measurements.  
Any remaining runoff subsample (up to 350 mL) was then filtered twice.  A 1.6-µm glass 
microfiber filter (Whatman GFA- 1820-110; Whatman International Ltd., Maidston, England) 
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was used for the first filtering and a 0.45-µm Metricel® membrane filter (GN-6; Pall Life 
Sciences Corporation, Ann Arbor, MI) and vacuum pump were used for the second filtering.  
Once filtered, six, 20-mL aliquots were bottled.  Three aliquots were acidified with one drop of 
36 % (w/w) HCl for approximately every 10 mL of filtrate.  The three remaining aliquots were 
left unacidified.  Samples were then stored at 4 °C until analyses.  Any runoff in excess of 370 
mL was discarded. 
Acidified aliquots were used to determine total dissolved As, Ca, Cd, Cr, Cu, Fe, K, Mg, 
Mn, Na, Ni, P, Se and Zn concentrations by ICP andNH4-N and PO4-P concentrations were 
determined using a Skalar San Plus automated wet chemistry analyzer.  Unacidified aliquots 
were used to determine DOC using a Shimadzu Total Organic Carbon Analyzer (Model TOC-
CSH, Shimadzu Scientific Instruments, Columbia, MD) and NO3-N concentrations using the 
Skalar San Plus automated wet chemistry analyzer. 
 
Plot Management 
Plots were regularly monitored and maintained since 2002.  Above-ground dry matter 
(DM) was removed using a bagging push mower eight times in 2003 and 2004 and four times 
(i.e., first week of May, June, July, and September) annually thereafter to a height of 9 cm.  Prior 
to each mowing, two randomly selected 0.25-m2 subsamples were hand collected and combined 
from each plot.  Samples were dried for approximately 1 week at 55 °C in a forced-air drier and 
weighed for DM determination.  Annual DM production was summed for each plot.  Runoff 
collection gutters were cleaned prior to most precipitation events.  Precipitation was monitored 
by two on-site rain gauges, a simple funnel-reservoir system and a micrometeorological weather 
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station that monitored wind speed, air temperature, relative humidity, total solar radiation, 
photosynthetically active radiation, and rainfall via a tipping bucket every 30 min.  
 
Calculations 
Flow-weighted mean runoff concentrations (mg L-1) and runoff loads (kg ha-1) were 
determined annually and cumulatively for the entire 8-yr period for each dissolved runoff 
constituent measured.  For the purpose of this study, a year was designated as starting the day BL 
was applied in late April or early May of one year and ending the day before BL was re-applied 
in the following calendar year.  Flow-weighted mean concentrations were calculated by dividing 
the total elemental mass collected in runoff during the time period of interest for each plot by the 
total runoff volume for the same time period.  Loads were calculated by dividing the total 
elemental mass in runoff for a given plot during the time period of interest by the plot area (9.0 
m2).  Similarly, annual and 8-yr mean runoff pH, EC, and ORP were calculated for each plot.  
Additionally, annual runoff hardness was calculated for study year 2010 (APHA, 2005).  
 
Statistical Analysis 
Analysis of covariance (ANCOVA) was used to identify BL application rate (covariate) 
effects on the relationship between annual runoff; mean annual runoff pH, EC, and ORP; and 
annual FWM runoff concentrations and runoff loads of NO3-N, NH4-N, PO4-P, DOC, As, Ca, 
Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Se, and Zn (dependent variables) over the 8-yr period 
(time, independent variable) using the PROC MIXED procedure in SAS (version 9.2; SAS 
Institute Inc., Cary, NC) while treating blocks as a random variable.  Initially, a full model was 
used to test for different slopes among BL treatments.  If slopes were similar, a second, reduced 
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model was used to test for different y-intercepts among BL treatments.  When appropriate, slopes 
and y- intercepts were estimated and then separated using contrast statements at α = 0.05.  In 
cases where BL and time had no effect, treatment means, standard error of the mean, and the 
overall grand mean were calculated for informational purposes.  Blocking variance was 
expressed as a percentage of total variance by dividing the blocking estimate for a given runoff 
property by the sum of the blocking and error estimates for that runoff property and multiplying 
by 100.  In addition, relationships between annual precipitation, annual runoff, and annual runoff 
dependent variables were assessed by Pearson’s correlation analysis using the PROC CORR 
procedure in SAS.  Similarly, simple linear regression was used to describe the relationship 
between annual precipitation and annual runoff.  
Analysis of variance was used to identify BL application rate effects on annual and 8-yr 
cumulative above ground DM production; 8-yr cumulative runoff; 8-yr mean pH, EC, and ORP; 
8-yr FWM runoff concentrations and cumulative runoff loads; and runoff mass losses expressed 
as a percentage of mass added as BL of NO3-N, NH4-N, PO4-P, DOC, As, Ca, Cd, Cr, Cu, Fe, K, 
Mg, Mn, Na, Ni, P, Se, and Zn using the PROC MIXED procedure in SAS while treating blocks 
as a random variable.  When appropriate, means were separated using a protected least 
significant difference (LSD) at α = 0.05.  In cases where BL had no effect, treatment means, the 
standard error of the mean, and the overall grand mean were calculated.   
 
Results and Discussion 
Pre-treatment Uniformity 
 Since field plots used in this study had received organic amendments prior to 2002, it was 
necessary to address pre-treatment plot uniformity.  Three months prior to the initial BL 
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application in 2003, precipitation, runoff, drainage, and DM were monitored and soil samples 
were collected (Pirani et al., 2006).  During this 3-mo period, 179 mm of precipitation fell, which 
was 98 mm below the 30-yr normal for the area during February, March, and April (Pirani et al., 
2006).  Mean 3-month cumulative runoff (Menjoulet et al., 2009) and drainage (Pirani et al., 
2006) prior to the first BL application did not differ among pre-assigned BL treatments.  In 
addition, mean runoff EC and FWM runoff concentrations of NO3-N, NH4-N, DOC, As, Ca, Cd, 
Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Se, and Zn did not differ among pre-assigned BL treatments 
during the 3-mo period (Menjoulet et al., 2009).  Similarly, mean soil leachate pH, EC, and ORP 
(Pirani et al., 2006) as well as FWM concentrations and loads of DOC (Pirani et al., 2006), NO3-
N, NH4-N, Ca, K, Mg, Na, and P (Pirani et al., 2007) and FWM leachate concentrations of Mn, 
Ni, and Zn (Pirani et al., 2006) at the 90-cm depth did not differ among pre-assigned BL 
treatments.  Additionally, 3-mo cumulative DM production did not differ among pre-assigned 
BL treatments (Pirani et al., 2006).  Soil pH, EC, and organic matter concentration (Pirani et al., 
2006); total recoverable soil Cd, Cu, and Zn; and Mehlich-3 extractable soil P, K, Ca, Mg, and 
Na (Pirani et al., 2007) did not differ among pre-assigned BL treatments for any 10-cm soil depth 
interval to a depth of 90 cm prior to the first BL application in 2003.   
Based on the number of measured parameters that did not differ among pre-assigned BL 
treatments during the 3-mo period prior to the initial litter application in 2003, the plots in this 
study were assumed to be as uniform as reasonably could be expected (Brye and Pirani, 2006; 
Pirani et al., 2006; Pirani et al., 2007; Daigh et al., 2009; McDonald et al., 2009; Menjoulet et al., 
2009; McMullen, 2014).  Therefore, it was also assumed that any subsequent observed 
differences were due to the response to imposed BL treatments rather than to inherent differences 
among experimental plots (Pirani et al., 2006; Pirani et al., 2007; Menjoulet et al., 2009).   
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Broiler Litter Composition 
 The mean annual composition of the BL used throughout this study was 37.1% C, 4.4% 
N, 3.7% Ca, 3.5% K, and 2.2% P on a dry-weight basis and had 24% moisture by mass when 
applied (Table 3-1).  Similar BL compositions have been previously reported in Pennsylvania 
(Kleinman et al., 2002), New York (Brock et al., 2007), Arkansas (Adams et al., 1994; Daigh et 
al., 2010; McMullen, 2014), and Nigeria (Agele et al., 2004).  The mean annual BL C:N ratio 
was 8.4 averaged over the 8-yr period and suggested that BL decomposition by soil 
microorganisms would have been relatively quick with a likely net increase in soil N levels that 
would have promoted plant growth.  The mean annual BL N:P ratio was 2.0 averaged over the 8-
yr period and suggested that the BL used in this study supplied P in excess of plant growth 
requirements further suggesting that soil P concentrations would have also increased during this 
time period.  In a concurrent and related study, Daigh et al. (2009) reported acid-recoverable, 
Mehlich-3-extractable, and water-soluble soil-P increased with the addition of BL over the first 5 
years of this 8-yr study period.  Mean annual inputs of plant nutrients and trace metals associated 
with BL treatments are summarized in Table 3-1. 
 
Precipitation 
 During the 8-yr study, 410 individual precipitation events occurred with varying rates of 
intensity and duration.  The most common form of precipitation was rainfall (95 %) followed by 
snow mixes (i.e., snow with rain, hail, sleet, and/or ice, 3 %), and snow (1 %).  Averaged over all 
events, mean precipitation was 23.1 (SE = 1.3) mm per event.  However, the histogram of 
precipitation events was skewed with a geometric mean (i.e., the nth root of the product of the 
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data) of 12.0 mm per event.  Classification of events based on precipitation amount revealed that 
39 % of events were < 10 mm, 20 % were between 10 and 20 mm, 16 % were between 20 and 30 
mm, and 9 % were between 30 and 40 mm. 
Mean annual precipitation at the study site during the 8-yr period was 1178 mm (SE = 
78), which was 4.4% below the 30-yr mean annual precipitation for Fayetteville, AR of 1232 
mm (NOAA, 2013).  Annual precipitation ranged from a low of 739 mm in 2005 to a high of 
1508 mm in 2010 (Figure 3-1).  Study years 2003, 2006, 2007, 2008, and 2009 were within ± 7% 
of the 30-yr mean, while study years 2004 and 2005 were 13 and 40% below the 30-yr mean, 
respectively.  Study year 2010 exceeded the 30-yr mean by 22% and on April 26, 2011, 205.6 
mm of rainfall occurred within a 42-hr period at the study site.  For the 5-d period ending on the 
same day (April 26, 2011), NOAA (2014) reported 302 mm of rainfall for Fayetteville, AR, 
which resulted in extreme flooding in the area.  During the current study, Fayetteville, AR set 
three record highs for monthly precipitation totals: March 2008 (study year 2007, 255 mm), 
October 2009 (study year 2009, 272 mm), and April 2011 (study year 2010, 388 mm).  Similarly, 
record low total monthly precipitation also occurred in November 2007 (study year 2007, 9 mm) 
and August 2010 (study year 2010; 0.5 mm; NOAA, 2013).   
  
Above-ground Dry Matter 
 Similar to previous studies (Huneycutt et al., 1988; Menjoulet et al., 2009; Brye et al., 
2010; McMullen, 2014) and as would be expected, additions of BL increased DM relative to the 
unamended control (Table 3-2).  Annual above-ground DM production ranged from a low of 4.9 
Mg ha-1 in the unamended control in 2003 to a high of 21.6 Mg ha-1 in the high- litter treatment in 
2010 (Table 3-2) when the greatest amount of annual precipitation occurred (Figure 3-1).  Brye 
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et al. (2010) reported that, during the first 6 years of this study, DM production increased over 
time for both the low- and high-BL treatments, while DM in the unamended control did not 
change over time.  McMullen (2014) reported that from 2008 to 2010, annual DM did not differ 
(P > 0.05) among BL treatments because plant speciation shifts increased DM variability within 
treatment conditions.  In June 2006, Johnson grass started to encroach into the research area, but 
contributed little to DM.  By July 2007, Johnson grass had become a prominent species 
contributing to DM in one plot and was observed in two other plots.  By September 2008, 
Johnson grass was observed in five of six plots, and by November 2010 Johnson grass was 
observed in all plots.   
Eight-year cumulative DM production in the high-BL treatment was greater (P < 0.05) in 
the unamended control, but did not differ (P > 0.05) from the low-BL treatment (Table 3-2).  As 
would be expected, annual DM and annual precipitation were positively correlated (r = 0.45, P < 
0.01) during the 8-yr study period, indicating that approximately 20% of the observed variability 
in annual DM could be attributed to changes in annual precipitation.  Dry matter production and 
yield responses to irrigation and rainfall have been well-documented for forage grasses and crops 
(Jensen et al., 2001; Fay et al., 2003).   
 
Runoff and Runoff pH, ORP, and EC Trends over Time  
 During the 8-yr study, individual runoff events varied greatly.  Sometimes runoff was 
similar among all experimental units and sometimes runoff was quite different among 
experimental units for any given rainfall event.  For example, steady, modera te rainfall over an 
extended period of time, or intense rainfall could produce relatively similar runoff among all 
experimental units, but smaller rainfall events might produce dissimilar runoff among 
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experimental units.  Runoff was also closely related to antecedent soil moisture conditions prior 
to rainfall; with very dry or very wet soil conditions promoting runoff, especially when rainfall 
was intense.  Although uncommon, intense initial rainfall and the subsequent initial runoff 
volume could enter the runoff collection system with sufficient force so as to disrupt the runoff 
collection funnel system in a manner that would cause runoff to not enter the subsurface 
collection bottle.  It was at times like this, when runoff quantities were greater than normal, that 
runoff would collect within the polyvinyl chloride (PVC) pipe used to house the collection bottle 
below the soil surface and many times the bottle would float.  In situations like this, runoff 
would be pumped from the PVC pipe and measured to determine runoff amount, but unless 
enough runoff entered the collection bottle, chemical analyses were not preformed on water 
samples from these instances due to insufficient collected water volumes.  
 During the 8-yr study, individual runoff events ranged from a low of zero during small 
precipitation events to a maximum of 205.6 mm following a 42-hr period of heavy rain in April 
of 2011 (i.e., study year 2010).  The second largest runoff event was 3.1 mm, which occurred in 
response to 65 mm of rainfall.  The third largest runoff event was 2.5 mm, which occurred in 
response to 85 mm of rainfall.  Since runoff could vary greatly for a given rainfall event, 
descriptive statistics were calculated using experimental units (i.e., six observations per 
precipitation event).  During the 8-yr study, 31.4 % of all precipitation events resulted in no 
runoff.  Averaged over all experimental units and all precipitation events including events with 
no runoff, mean runoff was 0.17 (SE = 0.01) mm.  Similar to individual precipitation events, the 
data were skewed with a geometric mean of zero.  
 To better describe actual runoff that occurred, all precipitation events that resulted in no 
runoff and the 205.6 mm runoff event were excluded from the data set.  Averaged over all 
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experimental units and all runoff-producing precipitation events, mean runoff was 0.25 (SE = 
0.01; geometric mean = 0.025) mm per runoff event.  The resulting bimodal histogram of runoff 
depth was skewed with the first, skewed curve occurring at runoff amounts < 0.5 mm and the 
second, normally distributed curve occurring at runoff amounts > 1 mm.  Classification of runoff 
events based on amount revealed that 75 % of runoff events were between 0 and 0.1 mm, 4 % 
were between 0.1 and 0.2 mm, 2 % were between 0.2 and 0.3 mm, and 1 % were between 0.3 
and 0.4 mm runoff depth.  The second, more normally distributed curve within the data set 
histogram accounted for 11 % of all runoff events and was centered between runoff depths of 1.2 
and 2.1 mm with each 0.1 mm runoff depth interval not accounting for more than 2 % of all 
runoff events.  Additionally, a plot of runoff amount as a function of precipitation amount 
suggested that a minimum of 10 mm of precipitation was required to initiate an appreciable 
amount of runoff.  Furthermore, precipitation events with ≤ 55 mm of rain accounted for the 
majority runoff events with ≤ 0.2 mm of runoff.  Furthermore, runoff events associated with the 
second, more normally distributed curve within the histogram were associated with rain events 
that had ≥ 80 mm of precipitation.  The y- intercept estimate (0.037 mm) for the linear 
relationship between runoff depth and precipitation depth did not differ from zero (P = 0.06); 
although the slope (0.007 mm mm-1) was significant (P < 0.01; R2 = 0.12).  This relationship 
predicted that for every 1 mm of precipitation an estimated 0.007 mm of runoff would occur, 
which would be equivalent to collecting 63 ml of runoff in the current study.   
Annual runoff ranged from a low of 0.2 mm in the unamended control between May 
2005 and May 2006 (i.e., study year 2005) when annual precipitation was lowest to a maximum 
of 215 mm in both the control and high- litter treatments between May 2010 and May 2011 (i.e., 
study year 2010) when precipitation was greatest (Figures 3-1and 3-2).  Annual runoff, averaged 
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over BL treatments and expressed as a percentage of annual precipitation was 0.2, 0.2, 0.1, 0.1, 
1.4, 1.7, 1.0, and 14.2 % for year 1 through year 8, respectively.  Similarly, Menjoulet et al. 
(2009) reported that the 4-yr cumulative runoff was 0.1 %, expressed as a percentage of the 4-yr 
cumulative precipitation, during the first 4 years of the current study.  In Alabama, in a corn-
winter rye agroecosystem on a silty-clay soil with a 4 % slope, Wood et al. (1999) reported a 
seasonal maximum runoff of 50 % of precipitation during the winter and spring.  In Georgia, 
Pierson et al. (2001) reported an annual runoff range of 11.9 to 21.2 % of annual precipitation 
from 0.75-ha grassland paddocks on four different Ultisols with 6 to 8 % slopes during a 4-yr 
period.  In a concurrent drainage study, McMullen (2014) reported that annual drainage averaged 
471 (SE = 51) mm yr-1 or 40 % of annual precipitation during the same 8-yr period as the current 
study.  Additionally, annual drainage, averaged over BL treatments and expressed as a 
percentage of annual precipitation, was 35.7, 71.3, 0.3, 75.9, 37.6, 31.1, 36.4, and 24.3 % for 
years 1 through year 8, respectively.  These results indicated that 2.4 % of annual precipitation 
left the research site as runoff, 57.6 % left as evapotranspiration, and 40.0 % left as drainage 
below the 90-cm soil depth at this location.  Additionally, these values may differ annually 
because of variances in annual precipitation.  For example, in 2005, annual precipitation was 
low; consequently annual drainage was below normal.  Similarly, in 2010, a large 42-hr rainfall 
event effectively increased annual runoff and likely decreased annual drainage.  
Annual runoff increased over time (P < 0.01; Table 3-3) during the 8-yr period, but 
neither the slopes nor the y- intercepts for the linear relationships between runoff and time 
differed among BL treatments (P > 0.05; Table 3-3; Figure 3-2).  Averaged over BL treatments, 
annual runoff increased 19 mm yr-1 (Table 3-4) during the 8-yr period and was highly influenced 
by the high annual runoff observed during the last year of this 8-yr study.  On April 24 and 25, 
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2011 (i.e., study year 2010), 205.6 mm of rainfall occurred at the study site, all of which was 
attributed to runoff and represented 96% of the total annual runoff in the eighth year of this 
study.  During a 3-day period prior to this rainfall-runoff event, 142 mm of rainfall created 
antecedent soil moisture conditions approaching soil saturation that favored runoff.  Similarly, 
NOAA (2014) reported 302 mm of rainfall during the 5-d period ending on April 26 with 
extreme flooding in Fayetteville, AR.  As would be expected, annual runoff was positively 
correlated to annual precipitation (r = 0.65; P < 0.01; Table 3-5).  Increased rainfall has been 
reported to increase runoff in simulated rainfall studies (Edwards and Daniel, 1993) and 
increased stream flow in watershed studies (Sharpley et al., 2008; Brion et al., 2010).  Similar to 
the results of the current study, other researchers have also reported runoff to be unaffected by 
BL application rate (Edwards and Daniel, 1994; Pote et al., 2003; Menjoulet et al., 2009; Kibet et 
al., 2013; Lamba et al., 2013). 
 Mean annual runoff ORP decreased 6.3 mV yr-1 (Table 3-4) during the 8-yr period, did 
not differ (P > 0.05) among BL application rates (Table 3-3; Figure 3-2), and was negatively 
correlated to both annual precipitation (r = -0.61, P < 0.01) and runoff (r = -0.42, P < 0.01, Table 
3-5).  The observed decrease in annual runoff ORP regardless of litter treatment may be related 
to the correlations of ORP with annual precipitation and runoff.  Although precipitation is well 
aerated, runoff may become less aerated if allowed to sit because microbial activity will consume 
dissolved oxygen if nutrients are available for microbial growth.  Although a strict protocol was 
followed regarding sample collection, during the spring season precipitation events could occur 
daily with the next day’s sample starting to be collected the moment collection bottles were 
changed.  At these times runoff could potentially sit uncollected in the field for up to 24 hr.  
Similarly, Menjoulet et al. (2009) also reported that mean annual runoff ORP did not differ 
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among BL treatments and averaged 28.3 mV during the first four years of this study.  
Additionally, in a concurrent drainage study, McMullen (2014) reported no BL application rate 
effect on mean annual drainage ORP at the 90-cm soil depth, and annual drainage ORP also 
decreased during the same 8-yr period as the current study. 
 Annual runoff pH and EC did not differ among BL application rates (P > 0.05) or over 
time (P > 0.05; Table 3-3, Figure 3-2) and were summarized by averaging over all treatment 
conditions (i.e., grand means; Table 3-6).  Mean annual runoff pH was 6.71 (SE = 0.04) and 
mean annual EC was 369 (SE = 17) µS cm-1.  Although it could be hypothesized that the annual 
additions of BL-derived base-forming cations and salts would increase runoff pH and EC over 
time, this was not observed in the current study.  Since only 2.4 % of annual rainfall left the 
research site as runoff, it may be assumed the remaing 97.6 % of rainfall moved BL-derived 
cations and salts into the soil profile, thus not affecting runoff.  Similarly, Nichols et al. (1994) 
reported no difference in runoff EC among BL or inorganic fertilizer, either incorporated or 
surface applied to soil.  Menjoulet et al. (2009) also reported that mean annual and 4-yr mean 
runoff pH and EC did not differ among BL treatments.  In contrast, Pote et al. (2003) reported 
runoff pH and EC to increase in BL-amended soil (5.6 Mg BL ha-1) relative to an unamended 
control under both natural and simulated rainfall.  Similar to the current study, McMullen (2014) 
reported no difference in mean annual drainage pH or EC among BL application rates at the 90-
cm soil depth during a concurrent 8-yr study.  In the current study, neither mean annual runoff 
pH nor EC were correlated (P > 0.05) to annual precipitation or runoff (Table 3-5).  In 2005 and 
2006, mean annual runoff pH was below the United States Environmental Protection Agency’s 
(USEPA) chronic continuous concentration for aquatic life (CCC) of 6.5 (USEPA, 2014).  The 
CCC is an estimate of the greatest concentration of material or element in surface water to which 
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an aquatic ecosystem can be indefinitely exposed without adversely affecting that ecosystem’s 
community(ies). 
 
Runoff Concentration Trends over Time 
 Annual FWM runoff Fe concentration differed (P = 0.01) among BL treatments, but did 
not differ (P > 0.05) over time (Table 3-3), indicating similar slopes that did not differ from zero 
for the linear relationship between annual FWM Fe concentration and time across BL treatments, 
but different y-intercepts for the same relationship across BL treatments (Figure 3-3).  The y-
intercepts were 0.13, 0.08, and 0.23 mg L-1 for the control, low, and high BL treatments, 
respectively.  While the y- intercept for the unamended control did not differ from that for the 
low- (P > 0.05) or the high-BL (P > 0.05) treatments, the y-intercepts for the low- and high-BL 
treatments differed from one another (P < 0.05).  Annual additions of Fe and organic matter 
contained in BL may have interacted together to form Fe-chelated compounds that effectively 
increased the solubility of Fe and potentially increased Fe losses via runoff.  Menjoulet et al. 
(2009) reported the same BL treatment effect when comparing the 4-yr FWM runoff Fe 
concentrations.  Additionally, Moore et al. (1998) reported that runoff Fe concentrations 
increased linearly with increasing BL application rates, for both alum-treated and untreated BL, 
from a Captina silt loam soil with a 5 % slope under simulated rainfall in northwest AR.  
Similarly, Sauer et al. (1999) also reported greater runoff Fe concentrations with the addition of 
6.7 Mg BL ha-1 (wet weight basis) during two simulated rain events relative to an unamended 
control.  Edwards et al. (1997) reported that runoff Fe concentrations could be reduced with a 3-
m wide vegetative filter strip using simulated rainfall.  However, strip lengths > 3 m did not 
further reduce runoff Fe concentrations relative to the 3-m-length strip (Edwards et al., 1997).  In 
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the current study, mean annual FWM runoff Fe concentrations in the unamended control equaled 
the National Secondary Drinking Water Regulations’ standard of 0.3 mg L-1 (USEPA, 2009) in 
2004, and the high- litter treatment exceeded the standard in 2004 and 2007 (Figure 3-3).  
Similarly, Menjoulet et al. (2009) reported that occasionally FWM runoff Fe concentrations 
during individual runoff events exceeded the same drinking water standard in the unamended 
control and high-BL treatments during the first four years of the current study.  
 Similar to mean annual runoff ORP, annual FWM runoff As concentrations decreased 
over time (P < 0.01) during the 8-yr period (Figure 3-4), and neither the slope nor the y- intercept 
for the linear relationship between the annual FWM As concentration and time were affected by 
BL treatment (P > 0.05; Table 3-3).  Averaged across litter treatments, annual FWM runoff As 
concentrations decreased (P < 0.01) 0.01 mg L-1 yr-1 during the 8-yr period (Table 3-4) and 
ranged from a low of < 0.01 mg L-1 in the unamended control treatment in study year 2006 to a 
maximum of 0.1 mg L-1 in the high- litter treatment in the second year of this study (i.e., study 
year 2004;Figure 3-4).  Moore et al. (1998) reported runoff As concentrations to increase with 
increased BL application rate during the first simulated rainfall event immediately after BL 
application, but also reported that no differences among BL application rates occurred during the 
second rainfall event, 7 d later.  Kibet et al. (2013) also reported increased runoff As 
concentrations in a BL-amended soil relative to an unamended control using simulated rainfall 
and monolith soil cores (61 x 61 x 61 cm).  Similar to the current study, Menjoulet et al. (2009) 
reported that the 4-yr FWM runoff As concentrations did not differ among BL treatments.  
Similar to mean annual runoff ORP, annual FWM runoff As concentrations were negatively 
correlated with annual precipitation (r = -0.34; P = 0.02; Table 3-5).  Additionally, annual FWM 
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runoff As concentrations never exceeded the USEPA CCC of 0.15 mg L-1 during the 8-yr study 
(USEPA, 2014).   
In contrast, and assuming that runoff may enter groundwater in the karst develop ment in 
the Ozark Highlands of northwest Arkansas, annual FWM runoff As concentrations exceeded the 
National Primary Drinking Water Regulations’ Maximum Contaminant Level (MCL) of 0.01 mg 
L-1 (USEPA, 2009) in five of eight years during the study.  As previously reported by Menjoulet 
et al. (2009) in a concurrent runoff study, annual FWM runoff As concentrations exceeded the 
MCL during the first three years of the study for litter-amended treatments and in years two and 
three for the unamended control (Figure 3-4).  Additionally, the MCL for As was exceeded in 
2009 for the unamended control and low-litter treatments and again in 2010 for all litter 
treatments.  Kibet et al. (2013) also reported runoff As concentrations to exceed the MCL.  
Although direct runoff from BL-amended pastures is not used for drinking water and best 
management practices, such as buffer strips (Chaubey et al., 1995; Edwards et al., 1997), 
minimize direct runoff from entering streams, results presented here suggest that surface 
reservoirs used for drinking water could potentially be at risk for As contamination from BL-
amended pastures.  McMullen (2014) also reported decreasing annual FWM leachate As 
concentrations regardless of BL application rate during the same 8-yr period in a concurrent 
drainage study, with concentrations exceeding the MCL during the first three years.  
Additionally, Daigh et al. (2009) reported that acid-recoverable soil As differed among pre-
assigned BL treatments and soil depth in a concurrent soil chemical properties study.  Most 
importantly, these results suggest that pastures with histories of BL amendments that contained 
As may continue to release As into the environment long after BL applications have ceased, 
regardless of current BL application practices.  Additionally, the long-term implications of As-
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containing organic amendments to soil may require prolonged best management practices to 
limit As release. 
 In contrast to As, annual FWM runoff Ca, Cd, Cu, Na, and Se concentrations increased 
over time (P < 0.01) during the 8-yr period (Figure 3-4), but neither the slopes nor the y-
intercepts for the linear relationships between these annual FWM concentrations and time 
differed among BL treatments (P > 0.05; Table 3-3).  Averaged over litter treatments, the y-
intercept estimates for the linear relationships between annual FWM runoff Ca, Na, and Se 
concentrations and time differed from zero (P < 0.05; Table 3-4), while annual FWM Cd and Cu 
y- intercepts did not differ from zero (P > 0.05, Table 3-4).  Annual FWM runoff Ca and Cd 
concentrations were positively (P ≤ 0.01) correlated with annual precipitation (Table 3-5), while 
annual FWM runoff Na and Se concentrations were positively (P ≤ 0.02) correlated with both 
annual precipitation and runoff (Table 3-5).  In contrast, the annual FWM runoff Cu 
concentration was not correlated (P > 0.05) with annual precipitation or runoff (Table 3-5).  
Annual FWM runoff Ca and Na concentrations increased gradually during the 8-yr study and 
were probably related to natural soil weathering processes.  However, annual FWM runoff Cd, 
Cu, and Se concentrations were low and even approached detection limits during the first four 
years of the study and then demonstrated a notable increase during the fifth year (Figure3-4).  
Improved analytical instrumentation with lower detection limits for Se during the study may 
have contributed to the observed changes over time for annual FWM Se concentrations.  
Additionally, these increased concentrations coincided with Johnson grass intrusion into the 
research area.  Plant root exudates are known to increase solubility of some plant nutrients and 
trace metals and may be responsible for the increased solubility and movement of Cd, Cu, and Se 
in runoff.   In contrast to the current study, Moore et al. (1998) reported increased runoff Ca 
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concentrations in response to increasing BL application rates relative to an unamended control 
using simulated rainfall.  Sauer et al. (1999) reported similar results for runoff Cu concentrations 
and Edwards et al. (1997) reported that vegetative filter strips up to 3-m in length reduced runoff 
Cu concentrations.  In a concurrent drainage study, McMullen (2014) reported similar drainage 
trends in annual FWM leachate Ca, Cu, and Se concentrations, which did not differ among BL 
treatments and increased during the same 8-yr period as in the current study. 
Annual FWM runoff Cd concentrations exceeded both the USEPA CCC of 0.25 µg L-1 
and the Arkansas Pollution Control and Ecology Commission (APCEC) regulation CCC of 0.57 
µg L-1 (i.e., calculated based on an estimated runoff water hardness of 44.9 mg equiv. CaCO3 L
-1 
for study year 2010, when hardness was greatest; APHA, 2005; APCEC, 2011) during six of the 
eight study years, and suggested that aquatic life could be adversely affected by dissolved Cd in 
runoff.  If however runoff entered groundwater that might be used for drinking, the annual FWM 
runoff Cd concentrations never exceeded the MCL of 5 µg L-1 (USEPA, 2009) during the 8-yr 
study (Figure 3-4).  Similarly, annual FWM runoff Cu concentrations exceeded the APCEC CCC 
of 0.006 µg L-1 (i.e., based on an estimated runoff hardness of 44.9 mg equiv. CaCO3 L
-1; 
APCEC, 2011) in all years, but remained below the secondary drinking water standard of 1.0 mg 
L-1 (USEPA, 2009; Figure 3-4).  However, annual FWM runoff Se concentrations exceeded the 
USEPA and APCEC joint CCC of 5 µg L-1 (USEPA, 2014; APCEC, 2011) and the primary 
drinking MCL of 0.05mg L-1 (USEPA, 2009) during the last four years of the 8-yr study in all 
BL treatments (Figure 3-4).   
Similar to runoff pH and EC, annual FWM runoff NO3-N, NH4-N, PO4-P, DOC, Cr, K, 
Mg, Mn, Ni, P, and Zn concentrations did not differ among BL application rates (P > 0.05) nor 
changed over time (P > 0.05; Table 3-3; Figures 3-5 and 3-6) and were summarized by averaging 
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over all treatment conditions (Table 3-4).  There are two main factors contributing to these 
results.  First, BL treatment effects on runoff nutrient and metal concentrations are generally 
observed during the first runoff event following litter application.  By the second runoff event 
BL treatment effects on runoff concentrations are normally not observed.  Since annual FWM 
runoff concentrations were averaged over a year’s total runoff, any BL treatment effect that may 
have occurred during the first runoff event are effectively averaged with the re maining non-
significant runoff events.  The second factor relates to the availability of a nutrient or metal to be 
lost via runoff.  Natural systems are efficient at retaining and cycling nutrients such as N thus 
reducing runoff losses.  Additionally, P may be retained by soil as calcium phosphates, as 
hydrous oxides of Fe and Al, or by absorption to clay particles (Haseman et al., 1950).  
Similarly, soil solution pH may limit metal mobility of metals.   
Similar runoff concentrations in response to natural precipitation have been reported by 
other researchers (Edwards et al., 1996; Vervoort et al., 1998; Wood et al., 1999; Pierson et al., 
2001; Menjoulet et al., 2009).  In contrast, Sistani (2006) reported runoff concentrations four 
times that observed in the current study for NO3-N and P and 12 times that observed for NH4-N 
in the current study.  These result discrepancies between runoff studies in response to natural 
rainfall may have been related to the control treatment being amended with inorganic fertilizer in 
the Sistani (2006) study, while the control treatment in the current study was left completely 
unamended throughout the duration of the study.  In the current study, annual FWM runoff PO4-
P, DOC, Cr, K, Mg, Mn, Ni, P, and Zn concentrations were negatively correlated (P ≤ 0.01) with 
annual precipitation, but were not correlated (P > 0.05) with annual runoff (Table 3-5).   
In contrast to the current study, simulated rainfall studies have reported that runoff from 
BL-amended pasture increased concentrations of total N, NH4-N, NO3-N, soluble-reactive P, K, 
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Mg, Mn (Sauer et al., 1999), and Zn (Sauer et al., 1999; Kibet at al., 2013) relative to an 
unamended control.  Additionally, Moore et al. (1998) reported that runoff As, Cu, and Zn 
concentrations were highly correlated with soil organic C concentrations.  
Similar to Cd, annual FWM runoff NO3-N concentrations never exceeded the primary 
drinking water MCL of 10 mg L-1 (USEPA, 2009) during the 8-yr study (Figure 3-5).  Other 
researchers (Edwards et al., 1996; Vervoort et al., 1998; Sistani et al., 2006; Menjoulet et al., 
2009) have also reported runoff NO3-N concentrations to remain below this critical MCL for BL-
amended pastures.  However, Wood et al. (1999) reported that seasonal FWM runoff NO3-N 
concentration was 10.5 mg L-1 during the second season of corn production in Alabama with the 
addition of 18 Mg BL ha-1, which differed from the low-litter (9 Mg BL ha-1) and commercial 
fertilizer treatments, which were 3.9 and 4.1 mg L-1, respectively.  Surface water quality 
standards for aquatic life with regards to NH4-N are based on water pH and temperature and the 
life stage and type of fish present.  Since runoff temperature was not measured during the study, 
annual NH4-N concentration limits could not be determined.  However, air temperature exceeded 
20 °C during the summer of all years and it may be assumed that air temperature and runoff 
temperature were positively correlated.  During the summers of 2004 and 2006, runoff from 
either the low- or the high- litter treatments, respectively, may have exceeded the APCEC chronic 
criterion for NH4-N in surface waters with fishes in early life stages of development if surface 
water temperatures exceeded 20 °C (APCEC, 2011; Figure 3-5).  Annual FWM runoff Mn 
concentrations exceeded the secondary drinking water standard of 0.05 mg L-1 (USEPA, 2009) 
during six of the eight years of the study (Figure 3-6).  Annual FWM runoff Ni concentrations 
never exceeded either the EPA CCC of 52 µg L-1 (USEPA, 2014) or the APCEC CCC of 79.8 µg 
L-1 (i.e., with an estimated hardness of 44.9 mg equiv. CaCO3 L
-1; APCEC, 2011) standards.   
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In Arkansas, point source discharges containing P have monthly average discharge permit 
limits for P, based on a facility’s designed daily flow.  In this study, annual FWM runoff P 
concentrations exceeded the limit of 2.0 mg L-1 for facilities designed to discharge ≥ 1 million 
gallons per day (mgd) for all eight years of the study (Figure 3-6).  Additionally, in 2005 runoff 
from the unamended control and high- litter treatments exceeded the limit of 5.0 mg L-1 (APCEC, 
2011) used for smaller permitted facilities designed to discharge between 0.5 to < 1.0 mgd.  
These observations suggest that non-point runoff from pastures with a history of BL amendments 
may exceed P concentration discharge limits for regulated point sources regardless of the current 
BL application rate and may potentially lead to eutrophic conditions in receiving surface waters.  
Annual FWM runoff Zn concentrations exceeded both the USEPA (2014) and APCEC (2011) 
aquatic life CCC of 0.12 and 0.05 mg L-1, respectively, during all eight years of this study, but 
remained below the secondary drinking water limit of 5.0 mg L-1 (USEPA, 2009; Figure 3-6).  In 
a concurrent drainage study, McMullen (2014) reported that linear drainage trends in annual 
FWM leachate NO3-N, PO4-P, DOC, Cr, K, P, and Zn concentrations did not differ among BL 
treatments or change over time during the same 8-yr period as the current study. 
 In contrast to the current results, Wood et al. (1999) reported increased FWM runoff 
concentrations of NO3-N and NH4-N during the second season of corn production and NO3-N 
during the second season of rye production to increase with increased BL rate.  Wood et al. 
(1999) attributed the increased FWM runoff concentration of NO3-N to be from increased NO3-
N contained within BL used during the second season, where the BL NO3-N concentration 
increased from 12 to 363 mg NO3-N kg
-1 for year one to year two, respectively.  Total-P and 
DRP runoff concentrations and losses were reported to increase with increasing BL application 
rate during the second season of corn production and were attributed to increased BL 
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concentrations of P (Wood et al., 1999).  Seasonal FWM runoff concentrations of Ca, K, Mg and 
Mn were reported to be greater in the 18 Mg BL ha-1 application rate treatment under corn 
production in either one or both corn seasons (Wood et al., 1999).  Wood et al. (1999) concluded 
that FWM runoff concentrations of N, P, K, Mg, Mn, Cu and Zn were at levels that were 
adequate for algal growth in natural water bodies.  Results from Wood et al. (1999) in 
conjunction with the current study’s results and similar reports from other pasture studies 
(Edwards et al., 1996; Vervoort et al., 1998; Pierson et al., 2001; Sistani et al., 2006; Menjoulet 
et al., 2009) highlight the importance of management practices on the potential environmental 
fate of BL-derived plant nutrients and trace metals.  Litter application rates that may be 
appropriate for pastureland may not be appropriate for row-crop production systems.  
Additionally, trace metal uptake by crops that are later consumed may pose human health risks.  
 With the exception of annual FWM runoff Fe concentrations, BL application rate had no 
effect on annual FWM runoff nutrient and metal concentrations. Edwards and Daniel (1993) 
reported that runoff concentrations of BL-derived nutrients were greatest during the first 
simulated rainfall event, shortly after application, and then runoff concentrations dec reased with 
successive simulated rainfalls thereafter.  Additionally, Edward and Daniel (1993) reported that 
runoff losses increased as BL application rate increased.  Similar results have been reported from 
simulated (Edwards and Daniel, 1994; Kleinman and Sharpley, 2003; Schroeder et al., 2004; 
Adeli et al., 2006) and natural precipitation (Edwards et al., 1996; 1997; Wood et al., 1999; 
Pierson et al., 2001).  Because results of the current study were reported on an annual basis, BL 
treatment effects that may have occurred during the first rain event shortly after litter application 
were effectively averaged into all successive runoff events during the remainder of the year, 
when BL treatment effects were presumably minimal or nonexistent.  Additional analyses using 
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the current study’s 8-yr data set could confirm the reports of Edwards and Daniel (1993) and 
others (Edwards et al., 1996; 1997; Wood et al., 1999; Pierson et al., 2001) by introducing time 
of rain event after BL application and runoff and precipitation amounts as covariates and 
allowing replication to occur across study years.  An additional explanation for the lack of a litter 
rate effect on runoff nutrient concentrations in the current study relates to simulated runoff 
studies usually simulating runoff either immediately or within 24-hr of BL application.  In 
natural runoff studies, the first runoff event may not occur for several weeks following BL 
application.  In the current study, litter application was based on the current University of 
Arkansas Cooperative Extension Service’s BL application recommendations and was thus 
withheld from application if immediate rainfall was forecasted.   
 
Runoff Load Trends over Time 
 Similar to runoff, all annual runoff plant nutrient and trace metal loads increased (P ≤ 
0.01) during the 8-yr period and did not differ (P > 0.05; Table 3-7) among BL treatments.  The 
increased runoff load trends were directly related to increased annual runoff volumes during the 
study.  In general, annual runoff nutrient and metal loads were lowest in the unamended control 
between May 2005 and May 2006 (i.e., study year 2005; Figures 3-7 through 3-9) when 
precipitation and runoff were low and greatest in either the unamended control or high- litter 
treatment between May 2010 and May 2011 (i.e., study year 2010) when precipitation and runoff 
were greatest.  Similar to annual FWM runoff Na and Se concentrations, annual nutrient and 
metal loads were positively correlated (P < 0.01) with both annual precipitation and runoff, with 
annual runoff correlation coefficients being greater than corresponding annual precipitation 
coefficients for a given nutrient or metal (Table 3-8), suggesting that annual runoff might be a 
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better predictor of annual runoff loads than annual precipitation.   In contrast, Kibet et al. (2013) 
reported that simulated-rainfall- induced runoff As and Zn loads were poorly correlated (r = 0.16) 
to runoff. 
 Pierson et al. (2001) reported that 60 % of the total annual runoff DRP load occurred 
during three runoff events, within 12 days of BL application, during the first year of their study.  
Additionally, 61 % of the total annual runoff DRP load occurred during two runoff events, 
within 3 days of application, during the following year (Pierson et al., 2001).  Runoff associated 
with these events accounted for 33 and 28 % of the annual runoff for the respective years 
(Pierson et al., 2001).  In 2010 of the current study, 95.6 % of the annual runoff occurred during 
a 42-hr rain event.  This one event was highly influential for the annual nutrient and metal loads 
in 2010, as well as for the entire 8-yr study.  If the influential runoff event was excluded from 
analyses, all 2010 annual runoff loads were lower than if the influential event had been included.  
Similarly, exclusion of the runoff event or the entire 2010 year from ANCOVA analyses reduced 
all slopes of all lines for the linear relationships between all annual runoff nutrient and metal 
loads and time.   
Similarly, and to test if nonlinear analyses might better explain annual runoff load trends, 
an ANCOVA was performed using the log10 transformed data of annual runoff and runoff loads.  
The upper and lower 95 % confidence intervals (CI) for the y- intercepts and slopes were then 
calculated for BL treatments.  Finally, the natural log of parameter estimates and CIs were then 
calculated and comparisons were made among BL treatments.  Regardless of the analysis (i.e., 
exclusion of the influential runoff event, the entire influential year, or the transformed analyses 
while retaining influential data), all runoff load trend results were identical for annual runoff and 
all annual runoff nutrient and metal loads as previously reported in Tables 3-3 and 3-7.  In some 
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cases and as would be expected, P-values were reduced using transformed data compared to non-
transformed data.  In all cases, runoff and runoff loads increased (P < 0.01) during the 7- or 8-yr 
period, and the slope of the linear or non- linear relationships between all annual runoff nutrient 
and metal loads and time did not differ (P > 0.05) among BL treatments.  Menjoulet et al. (2009) 
reported that annual runoff loads of nutrients and metals appeared to be increasing during the 
first 4-yr period of the current study, but, in contrast to the current study, also reported BL 
treatment effects for annual runoff As, Fe, and Se loads during at least one of the first four years.  
Annual runoff loads were positively (P < 0.01; Table 3-8) correlated to annual runoff, which 
increased during the 8-yr study (Figure 3-2).  It was this increasing trend in annual runoff, 
regardless of the influential 2010 year, that caused the increased runoff load trends in the current 
study.  From 2003 to 2006, annual runoff ranged from 0.2 to 2.7 mm, and Menjoulet et al. (2009) 
reported that the 4-yr cumulative runoff averaged over BL treatments was 6.0 mm.  From 2007 
to 2009, annual runoff was greater than the first 4-yr period and ranged from 11.0 to 23.9 mm 
(Figure 3-2).   
 
Annual Blocking Variance 
During ANCOVA analyses, experimental blocks were treated as a random variable in 
order to attain insight regarding spatial variability at the research location.  Variability among 
blocks accounted for < 1 % of the total observed variability in annual mean runoff (Table 3-9) 
and indicated that spatial variability in annual runoff was low at this study site.  Similarly, 
variability among blocks accounted for < 2 % of the total variability in mean annual runoff pH, 
ORP, and annual FWM runoff concentrations and loads of most plant nutrients and trace metals 
(Tables 3-9 and 3-10).  However, mean annual FWM runoff Fe and Mn concentration blocking 
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variances were 12.6 and 47.9 %, respectively, and indicated that the soil’s natural spatial 
variability may warrant increased replication in future studies if inferences are to be made about 
annual FWM runoff Fe and Mn concentrations.  The observed increases in block variability 
associated with annual FWM Fe and Mn runoff concentrations may also be related to previous 
runoff studies conducted on-site in which organic soil amendments were used prior to the 
initiation of the current study in 2003.  Overall, blocking within the current study was successful 
with regards to number of blocks used.  However, future research designs at this location may 
attain greater sensitivity to statistical analyses if a minimum of three blocks are used, especially 
if annual runoff Mn concentrations are to be studied.  In a concurrent drainage study, McMullen 
(2014) reported variability in annual mean drainage at the 90-cm depth to be 38 %, suggesting 
that spatial variability in drainage is greater than that for runoff at this same location.   
Additionally, McMullen (2014) reported that variability among blocks was 53, 35, 13, and 62 % 
of the total variability in mean annual FWM leachate concentrations of PO4-P, DOC, Fe, and P, 
respectively.  Similar to the suggestions for annual runoff Mn concentrations during the current 
study, McMullen (2014) suggested that the soil’s natural spatial variability may warrant an 
increase in the number of replications in future studies if inferences are to be made with regard to 
annual FWM leachate PO4-P or P concentrations.   
 
Eight-year Mean Runoff Chemistry, FWM Concentrations, and Cumulative Loads  
After eight years of annual BL amendments, 8-yr cumulative runoff; 8-yr mean pH, ORP 
and EC; and 8-yr FWM leachate concentrations (Table 3-11) and runoff loads (Table 3-12) of 
nutrients and trace metals (i.e., NO3-N, NH4-N, PO4-P, DOC, As, Ca, Cd, Cr, Cu, Fe, K, Mg, 
Mn, Na, Ni, P, Se, and Zn) did not differ (P > 0.05) among litter treatments.  Additionally, and 
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with the exception of NO3-N and total As and Cr, cumulative 8-yr runoff of total nutrients and 
trace metals expressed as a percentage of that applied in BL did not differ (P > 0.05) among the 
low- and high- litter treatments (Table 3-13).   Cumulative 8-yr runoff losses of C, N, P, K, Ca, 
Mg, Mn, Zn, Cu, Fe, Ni, and Cr represented less than 2% of that applied in litter treatments, 
while cumulative 8-yr runoff losses of NO3-N, NH4-N, Na, and As represented between 2 and 
14% of that applied in BL.  Additionally, 8-yr cumulative runoff losses of Se and Cd exceeded 
200 and 30% of that applied in BL, respectively.  With the exception of NO3-N, Se, and Cd, 
cumulative 8-yr runoff losses were low primarily because natural systems are efficient at 
retaining and cycling nutrients, soils have a natural buffering capacity for nutrients, and soil pH 
can limit mobility of metals.  Cumulative NO3-N losses appear elevated because the value is 
expressed as a percent of NO3-N applied in litter.  Since N compounds may undergo rapid 
transformations, a more appropriate measure of N loss would be total N, which was ≤ 2 %.  The 
elevated cumulative Se and Cd losses may be related to: 1) increased losses associated with 
increased precipitation and runoff volumes during the later part of the study, 2) Johnson grass 
intrusion into the research area during the later part of the study or, 3) a combination the two.    
Vervoort et al. (1998) also reported total N and P losses from 0.45-ha fields in Georgia to 
be < 1 % of that applied during a 2-yr period under natural precipitation.  Similar to the results of 
the current study, Menjoulet et al. (2009) reported that cumulative 4-yr runoff losses of DOC, 
NO3-N, PO4-P, As, Ca, Cu, Mg, Na, P, Ni, Se, and Zn did not differ among BL treatments.  In a 
concurrent drainage study, McMullen (2014) also reported that 8-yr drainage losses of NO3-N, 
NH4-N, PO4-P, DOC, As, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Se, and Zn did not differ 
among BL treatments and that NH4-N, C, N, P, and Cu losses were < 2 % of that applied in litter, 
while Cd and Se losses exceeded the amounts added in BL.  
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The elevated mass losses (i.e., > 200 % of that applied in the litter) for Se reported in the 
current study indicated that runoff loads of Se from BL-amended pasture soil with a history of 
organic amendments may eventually release Se into the environment via runoff, possibly 
because of increased precipitation and associated runoff (Table 3-8).  Since BL treatment had no 
affect (P > 0.05) on annual and 8-yr cumulative nutrient and metal runoff loads (Tables 3-7 and 
3-12), but Se leaching percents exceeded 200% of that applied, percent losses corrected for 
runoff losses from the unamended control were calculated for all plant nutrients and trace metals 
(Table 3-13) by subtraction of the control treatment’s 8-yr cumulative load from litter-treated 8-
yr cumulative runoff loads within the same experimental block.  Similar to 8-yr cumulative 
percent losses, cumulative 8-yr runoff of total nutrients and trace metals corrected for the 
unamended control losses and expressed as a percentage of that applied in BL did not differ (P > 
0.05) among the low- and high- litter treatments for any plant nutrient or trace metal (Table 2-13).  
A negative corrected percent loss indicates that a nutrient or metal loss had originated from a 
source other than that applied in BL during the current study.  Since corrected runoff Se losses 
were similar to zero, and since 8-yr Se losses exceeded 100 %, then Se contained in runoff 
originated from Se already in the soil prior to the current study.  These results suggest that soil 
with a history of organic amendments that contained appreciable amounts of Se could potentially 
pose environmental risks relating to runoff water quality long after such amendments have 
ceased, regardless of any current or future litter applications.  Similar conclusions were made by 
McMullen (2014) with regards to drainage losses of Cd and Se at the same location during the 
same time period. 
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Environmental Concerns 
Based on the current 8-yr observational study and with the exception of annual FWM 
runoff Fe concentrations, long-term annual runoff patterns expressed in terms of annual FWM 
concentrations and loads of nutrients and metals did not differ among BL application rates in 
pasture land with a history of litter amendments.  During the course of the current study, annual 
FWM runoff Ca, Cd, Cu, Na, and Se concentrations increased and Cd and Se annual 
concentrations exceeded the National Primary Drinking Water Regulations’ MCL of 5 µg L-1 
and 0.05 mg L-1, respectively.   Annual FWM runoff Cd concentrations exceeded the MCL 
during seven of the eight years and Se exceeded the MCL during four of the eight years.  In 
contrast, annual FWM runoff As concentrations decreased during the study, but still exceeded 
the MCL of 0.01 mg L-1 during five of the eight years.  Annual FWM runoff Fe concentrations 
differed among litter treatments and exceeded the secondary MCL of 0.3 mg L-1 during two of 
the eight years, while NO3-N and Cu concentrations remained below the secondary MCL of 10 
and 1.0 mg L-1, respectively, throughout the entire study.  Although runoff from this study site 
may have had environmentally sensitive concentrations of metals that could potentially enter 
groundwater in karst regions, many locations where BL is applied to pastures use best 
management practices to reduce runoff contaminants and to minimize direct runoff from entering 
surface and groundwater. 
Annual runoff, runoff loads, and precipitation were all positively correlated to each other 
and all increased during the 8-yr study period.  The observed increasing linear trends in nutrient 
and metal losses over time were highly influenced by one rainfall event that occurred during a 
42-hr period in the last year of the study, when most of the losses occurred.  However, the 
observed increasing linear trends in nutrient and metal losses over time remained positive when 
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the influential data was excluded from analyses.  Although management practices attempt to 
account for most rainfall scenarios, it may be necessary to alter practices to account for worst-
case rainfall events.  As climate change increases storm-size-return-rate variances, it may be 
necessary to be better prepared for worst-case scenarios as they may become more frequent in 
nature.  Additionally, the occurrence of one influential rain event within an 8-yr period also 
highlights the importance of long-term observational studies and their ability to identify 
influential, but rare events that may contribute to the potential movement of contaminates within 
the environment.    
 
Summary and Conclusions 
 Based on eight years of continuous monitoring of nutrient and metal losses from BL-
amended pasture land with a history of organic amendments and under naturally occurring 
precipitation, annual FWM runoff Fe concentration was the only nutrient affected by litter 
application rate.  Similarly, 8-yr cumulative runoff loads corrected for runoff losses from the 
unamended control provided evidence that Se from previous litter amendments prior to the 
current study were still increasing Se runoff losses even when BL amendments had ceased for 
more than eight years and furthermore emphasized the importance of long-term observational 
studies especially with regards to trace metals.  
Correlation coefficients among annual precipitation, runoff, and runoff loads were all 
positive.  Additionally, all annual runoff nutrient and metal loads increased over the 8-yr period 
and were highly influenced by one large rainfall event that occurred during the last year of the 
study.  Mean annual runoff and annual FWM concentrations of Ca, Cd, Cu, Na, and Se increased 
during the 8-yr period.  Mean annual runoff pH, EC, and FWM concentrations of NO3-N, NH4-
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N, PO4-P, DOC, Cr, K, Mg, Mn, Ni, P, and Zn were unchanged during the 8-yr period.  
Additionally, annual runoff FWM As concentration was the only nutrient or metal monitored that 
increased during the 8-yr study. 
The lack of evidence to support BL-induced runoff effects in the current study can be 
attributed to four factors.  First, FWM concentrations expressed on an annual basis could have 
diluted any BL-related effects that may have occurred shortly after litter application, but that did 
not persist throughout the remainder of the year.  Second, runoff was collected in response to 
naturally occurring precipitation instead of simulated rainfall, which is commonly applied in 
quantities greater than normal precipitation.  Third, pre-2002 organic soil amendments to the 
research plots effectively overwhelmed runoff chemistry changes that could have occurred in 
response to the current study’s imposed BL treatments.  Fourth, limited replication within the 
study reduced statistical strength.   
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Table 3-1.  Mean annual broiler litter (BL) composition and constituent added in low- (5.6 Mg 
ha-1) and high- (11.2 Mg ha-1) litter treatments over an 8-yr period to a silt- loam soil at the 
Agricultural Research and Extension Center in Fayetteville, Arkansas.  Annual mean maxima 
and minima are provided as an indication of parameter range.  
 
 Mean Annual Mean Mean  Litter Rate 
Litter Property Composition Maximum Minimum  Low High 
     ___________  kg ha-1  ___________ 
Moisture (g g-1) 0.24 0.27 0.21    
pH 8.4 8.8 8.0    
EC† (dS m-1) 11.9 14.8 9.8    
NO3-N (mg kg
-1) 207 513 38  1.1 2.31 
NH4-N (mg kg
-1) 4640 7183 2877  26.0 52.0 
       
Total Elements       
   C (%) 37.1 39.5 33.9  2078 4155 
   N (%) 4.4 5.3 4  246 493 
   P (%) 2.2 2.6 1.6  123 246 
   K (%) 3.5 4.4 2.9  196 392 
   Ca (%) 3.7 4.4 2.9  207 414 
   Mg (%) 0.7 0.8 0.6  39.2 78.4 
   S (%) 1.1 1.6 0.6  61.6 123.2 
   Na (mg kg-1) 9098 16094 3857  50.9 101.9 
   Al (mg kg-1) 347 558 243  1.9 3.9 
   Fe (mg kg-1) 413 613 197  2.3 4.6 
   Mn (mg kg-1) 568 751 421  3.2 6.4 
   Zn (mg kg-1) 510 645 395  2.9 5.7 
   Cu (mg kg-1) 496 678 298  2.8 5.6 
   B (mg kg-1) 52.6 60.9 46.5  0.29 0.59 
   Ni (mg kg-1) 10.4 16.1 5.9  0.058 0.116 
   Cd (mg kg-1) 0.19 0.60 0.05  0.001 0.002 
   Cr (mg kg-1) 7.7 15.6 3.1  0.04 0.09 
   As (mg kg-1) 26.8 39.9 19  0.15 0.30 
   Se (mg kg-1) 3.5 7.3 1.6  0.019 0.039 
† EC, electrical conductivity. 
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Table 3-2.  Broiler litter application rate (control, 0 Mg ha-1; low, 
5.6 Mg ha-1; and high, 11.2 Mg ha-1) effects on mean annual 
above-ground dry matter and 8-yr cumulative production.   
 
   Mean Dry Matter 
Time Period† P-value  Control Low High 
   _______________ Mg ha-1 ______________ 
2003‡ 0.04  4.9a# 8.7ab 12.0b 
2004‡ 0.01  5.6a 9.2b 12.2c 
2005§ 0.04  5.3a 7.6a 11.4b 
2006§ 0.02  5.3a 11.0b 11.7b 
2007¶ < 0.01  5.6a 10.4b 15.3c 
2008 0.19  9.5a 13.5a 16.1a 
2009 0.11  10.4a 15.5a 20.8a 
2010 0.18  12.0a 12.6a 21.6a 
8-yr Cumulative 0.05  58.7a 88.4ab 121.0b 
† Study years are designated as starting the day BL was applied in 
late April or early May of the listed year and ending the day 
before BL was re-applied in the following calendar year.  For 
example 2003 represents the time period from May 2003 to April 
2004. 
‡ Data for 2003 and 2004 were taken from Pirani (2005).  
§ Data for 2005 and 2006 were taken from Menjoulet et al. (2009).  
¶ Data for 2007 were taken from Daigh et al. (2009).  
# Means in the same row followed by different letters are 
significantly different (P < 0.05). 
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Table 3-3.  Analysis of covariance summary of the 
effects of broiler litter (BL) application rate, time 
(Year), and their interaction on the linear 
relationship between runoff properties and flow-
weighted mean concentrations and time.   
 
 Source of Variance 
Runoff Property BL§ Year¶ BL x Year# 
 ______________ P-value ______________ 
Runoff 0.99 < 0.01†† 1.00 
pH 0.93 0.48 0.51 
ORP 0.98 < 0.01 0.66 
EC† 0.53 0.07 0.38 
    
Concentrations    
   NO3-N 0.33 0.83 0.46 
   NH4-N 0.48 0.76 0.64 
   PO4-P 0.20 0.86 0.77 
   DOC‡ 0.98 0.19 0.98 
   As 0.54 < 0.01 0.43 
   Ca 0.72 < 0.01 0.22 
   Cd 0.99 < 0.01 0.95 
   Cr 0.98 0.11 0.94 
   Cu 0.95 < 0.01 0.79 
   Fe 0.01 0.51 0.81 
   K 0.93 0.29 0.98 
   Mg 0.76 0.71 0.96 
   Mn 0.53 0.10 0.99 
   Na 0.51 < 0.01 0.86 
   Ni 0.63 0.41 0.81 
   P 0.32 0.88 0.68 
   Se 0.94 < 0.01 0.89 
   Zn 0.90 0.34 0.84 
† EC, electrical conductivity. 
‡ DOC, dissolved organic carbon. 
§ Test for different y-intercepts among BL 
treatments with common slope. 
¶ Test if common slope is different than zero.  
# Test for different slopes among BL treatments.  
†† P ≤ 0.05 are indicated in bold.  
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Table 3-4.  Summary of common intercept and slope estimates 
for the linear relationships between annual runoff properties 
and time.  Soil was amended once annually with broiler litter 
(BL) at three application rates (0, 5.6, and 11.2 Mg BL ha-1; 
control, low, and high, respectively) for an 8-yr period.   
 
Runoff Property Intercept P-value§ Slope R2¶ 
Runoff (mm) -52.5 < 0.01 19.2 0.41 
ORP† (mV) 40.2 < 0.01 -6.3 0.34 
     
Concentrations (mg L-1)      
     As 0.04 < 0.01 -0.01 0.17 
     Ca 3.3 0.02 1.8 0.53 
     Cd < 0.01 0.84 < 0.01 0.37 
     Cu 0.01 0.09 < 0.01 0.19 
     Na 1.6 < 0.01 0.05 0.34 
     Se -0.1 < 0.01 0.06 0.69 
     
Loads (g ha-1)     
     NO3-N -198 0.01 75 0.41 
     NH4-N -560 0.01 223 0.37 
     PO4-P -1052 0.03 392 0.27 
     DOC‡ -4054 0.01 1635 0.42 
     As -6.1 0.01 2.3 0.36 
     Ca -7911 < 0.01 2879 0.40 
     Cd -0.85 < 0.01 0.32 0.45 
     Cr -1.2 0.01 0.5 0.40 
     Cu -10.4 < 0.01 4.1 0.47 
     Fe -83.2 0.12 30.2 0.16 
     K -2662 0.04 1326 0.38 
     Mg -815 0.01 305 0.38 
     Mn -15.9 0.15 6.2 0.15 
     Na -3343 0.01 1177 0.36 
     Ni -1.1 < 0.01 0.4 0.45 
     P -1187 0.04 440 0.26 
     Se -154 < 0.01 56 0.44 
     Zn -51.9 0.01 19.4 0.37 
† ORP, oxidation-reduction potential.  
‡ DOC, dissolved organic carbon. 
§ Test if common intercept is different than zero.  
¶ Coefficient of determination (R2) is provided as a 
measure of the strength of the relationship.  
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Table 3-5.  Correlations coefficients (r) for both annual 
precipitation and annual runoff with annual runoff properties 
and flow-weighted mean runoff concentrations during an 8-
yr period (n = 48). 
 
 Precipitation  Runoff 
Runoff Property r P-value¶       r P- value¶ 
Runoff 0.65 < 0.01#  -      - 
pH 0.22 0.14  0.03 0.84 
ORP† -0.61 < 0.01  -0.42 < 0.01 
EC‡ 0.26 0.08  0.17 0.24 
      
Concentrations      
   NO3-N -0.26 0.07  -0.12 0.42 
   NH4-N -0.10 0.51  -0.25 0.09 
   PO4-P -0.50 < 0.01  -0.20 0.17 
   DOC§ -0.57 < 0.01  -0.26 0.07 
   As -0.34 0.02  -0.14 0.34 
   Ca 0.36 0.01  0.27 0.06 
   Cd 0.54 < 0.01  0.18 0.23 
   Cr -0.50 < 0.01  -0.07 0.64 
   Cu 0.08 0.60  -0.04 0.80 
   Fe -0.05 0.73  0.02 0.90 
   K -0.52 < 0.01  -0.31 0.03 
   Mg -0.41 < 0.01  -0.15 0.29 
   Mn -0.51 < 0.01  -0.16 0.26 
   Na 0.33 0.02  0.54 < 0.01 
   Ni -0.36 0.01  -0.13 0.37 
   P -0.47 < 0.01  -0.16 0.27 
   Se 0.60 < 0.01  0.34 0.02 
   Zn -0.48 < 0.01  -0.25 0.09 
† ORP, oxidation-reduction potential. 
‡ EC, electrical conductivity. 
§ DOC, dissolved organic carbon. 
¶ Pearson test for correlation. 
# P ≤ 0.05 are indicated in bold.  
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Table 3-6.  Summary of annual broiler litter (BL) treatment means and grand means across all 
BL treatments for runoff properties that were unaffected by BL, time, or their interaction (Table 
3-3) during an 8-yr period as determined by analysis of covariance.  Broiler litter was hand 
applied once annually to a silt- loam soil at the Agricultural Research and Extension Center in 
Fayetteville, Arkansas at three application rates (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively).  Standard errors of treatment means and grand means are provided in 
parenthesis as estimates of variability.   
 
  Annual Broiler Litter Treatment Mean§  Grand 
Runoff Property Control Low High  Mean¶ 
pH  6.73 (0.07) 6.70 (0.07) 6.70 (0.08)  6.71 (0.04) 
EC† (µS cm-1)  395 (34) 359 (17) 353 (35)  369 (17) 
       
Concentrations (mg L-1)     
     NO3-N  0.38 (0.05) 0.64 (0.21) 0.92 (0.37)  0.65 (0.14) 
     NH4-N  1.90 (0.25) 1.75 (0.39) 2.33 (0.39)  1.99 (0.20) 
     PO4-P  2.16 (0.34) 3.01 (0.23) 2.82 (0.42)  2.66 (0.20) 
     DOC‡  18.7 (4.3) 18.1 (1.8) 19.5 (6.1)  18.8 (2.5) 
     Cr  0.003 (< 0.001) 0.003 (< 0.001) 0.003 (< 0.001)  0.003 (< 0.001) 
     K  22.7 (6.1) 21.5 (2.4) 24.4 (6.5)  22.9 (3.0) 
     Mg  1.9 (0.2) 2.0 (0.1) 2.2 (0.4)  2.0 (0.2) 
     Mn  0.06 (0.01) 0.05 (0.01) 0.08 (0.04)  0.07 (0.01) 
     Ni  0.003 (< 0.001) 0.002 (< 0.001) 0.003 (0.001)  0.003 (< 0.001) 
     P  2.4 (0.4) 3.2 (0.3) 3.0 (0.5)  2.9 (0.2) 
     Zn  0.14 (0.02) 0.14 (0.01) 0.15 (0.03)  0.15 (0.01) 
† EC, electrical conductivity.  
‡ DOC, dissolved organic carbon. 
§ Treatment means, n = 16. 
¶ Grand means, n = 48. 
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Table 3-7.  Analysis of covariance summary of the effects 
of broiler litter (BL) application rate, time (Year), and their 
interaction on the linear relationship between runoff loads 
and time.   
 
 Source of Variance 
Runoff Load BL‡  Year§ BL x Year¶ 
 __________________ P-value __________________ 
NO3-N 0.96 < 0.01
# 0.83 
NH4-N 0.44 < 0.01 0.21 
PO4-P 0.48 < 0.01 0.23 
DOC† 0.86 < 0.01 0.77 
As 0.99 < 0.01 0.99 
Ca 0.92 < 0.01 0.75 
Cd 0.98 < 0.01 0.99 
Cr 0.99 < 0.01 1.00 
Cu 0.85 < 0.01 0.83 
Fe 0.60 0.01 0.41 
K 0.68 < 0.01 0.42 
Mg 0.88 < 0.01 0.83 
Mn 0.53 0.01 0.27 
Na 0.94 < 0.01 0.91 
Ni 0.98 < 0.01 1.00 
P 0.49 < 0.01 0.23 
Se 0.99 < 0.01 1.00 
Zn 0.80 < 0.01 0.66 
† DOC, dissolved organic carbon. 
‡ Test for different y-intercepts among BL treatments 
with common slope. 
§ Test if common slope is different than zero.  
¶ Test for different slopes among BL treatments.  
# P ≤ 0.05 are indicated in bold.  
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Table 3-8.  Correlation coefficients (r) for annual 
precipitation and runoff with annual runoff loads during an 
8-yr period (n = 48). 
 
 Precipitation  Runoff 
Runoff Load r P-value‡       r P- value‡ 
NO3-N 0.62 < 0.01
§   0.90 < 0.01 
NH4-N 0.62 < 0.01  0.88 < 0.01 
PO4-P 0.52 < 0.01  0.79 < 0.01 
DOC† 0.66 < 0.01  0.95 < 0.01 
As 0.63 < 0.01  0.99 < 0.01 
Ca 0.64 < 0.01  0.97 < 0.01 
Cd 0.67 < 0.01  0.99 < 0.01 
Cr 0.65 < 0.01  1.00 < 0.01 
Cu 0.67 < 0.01  0.96 < 0.01 
Fe 0.42 < 0.01  0.65 < 0.01 
K 0.63 < 0.01  0.77 < 0.01 
Mg 0.62 < 0.01  0.94 < 0.01 
Mn 0.41 < 0.01  0.62 < 0.01 
Na 0.63 < 0.01  0.98 < 0.01 
Ni 0.68 < 0.01  1.00 < 0.01 
P 0.52 < 0.01  0.79 < 0.01 
Se 0.66 < 0.01  1.00 < 0.01 
Zn 0.62 < 0.01  0.94 < 0.01 
† DOC, dissolved organic carbon. 
‡ Pearson test for correlation. 
§ P ≤ 0.05 are indicated in bold.  
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Table 3-9.  Blocking variance expressed as a 
percentage of total variance for annual mean runoff 
properties and flow-weighted mean concentrations.  
Percents were calculated by dividing the blocking 
estimate for a given runoff property by the sum of 
the blocking and error estimates for that runoff 
property and then multiplying by 100. 
 
Runoff Property     Percent of Total Variance 
Runoff < 0.1 
pH < 0.1 
ORP† < 0.1 
EC‡ 10.9 
  
Concentrations  
   NO3-N < 0.1 
   NH4-N 3.9 
   PO4-P < 0.1 
   DOC§ < 0.1 
   As < 0.1 
   Ca < 0.1 
   Cd < 0.1 
   Cr < 0.1 
   Cu < 0.1 
   Fe 12.6 
   K < 0.1 
   Mg 2.4 
   Mn 47.9 
   Na < 0.1 
   Ni < 0.1 
   P < 0.1 
   Se < 0.1 
   Zn 0.5 
† ORP, oxidation-reduction potential. 
‡ EC, electrical conductivity. 
§ DOC, dissolved organic carbon. 
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Table 3-10.  Blocking variance expressed as 
a percentage of total variance for annual 
mean runoff loads.  Percents were calculated 
by dividing the blocking estimate for a given 
runoff property by the sum of the blocking 
and error estimates for that runoff property 
and then multiplying by 100. 
 
Runoff Load    Percent of Total Variance 
NO3-N < 0.1 
NH4-N < 0.1 
PO4-P < 0.1 
DOC† < 0.1 
As < 0.1 
Ca < 0.1 
Cd < 0.1 
Cr < 0.1 
Cu < 0.1 
Fe 1.5 
K < 0.1 
Mg < 0.1 
Mn < 0.1 
Na < 0.1 
Ni < 0.1 
P < 0.1 
Se < 0.1 
Zn < 0.1 
† DOC, dissolved organic carbon. 
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Table 3-11.  Analysis of variance summary of the effects of broiler litter (BL) application rate on 
8-yr cumulative runoff; 8-yr mean runoff pH, EC, and ORP; and 8-yr flow-weighted mean runoff 
concentrations.  Broiler litter was hand applied once annually to a silt- loam soil at the 
Agricultural Research and Extension Center in Fayetteville, Arkansas at three application rates 
(0, 5.6, and 11.2 Mg BL ha-1; control, low, and high, respectively) for an 8-yr period.  Standard 
errors of treatment means and grand means are provided in parenthesis as estimates of 
variability.   
 
  Broiler Litter Treatment Mean¶  
Runoff Property P-value Control Low High Grand Mean#  
Runoff (mm) 0.84 263 (3) 268 (25) 282 (18) 271 (9) 
pH 0.15 6.73 (0.02) 6.69 (0.03) 6.70 (0.02) 6.71 (0.01) 
ORP† (mV) 0.09 11.1 (1.8) 12.7 (1.5) 12.1 (1.9) 12.0 (0.8) 
EC‡ (µS cm-1) 0.65 395 (64) 359 (2) 353 (31) 369 (20) 
      
Concentrations (mg L-1)     
     NO3-N 0.90 0.42 (0.18) 0.45 (0.02) 0.37 (0.07) 0.41 (0.05) 
     NH4-N 0.07 1.5 (0.2) 0.8 (0.1) 1.6 (0.1) 1.3 (0.2) 
     PO4-P 0.37 1.0 (0.1) 2.7 (0.6) 2.6 (1.3) 2.1 (0.5) 
     DOC§ 0.46 8.5 (0.5) 10.3 (0.9) 10.5 (1.5) 9.8 (0.6) 
     As 0.86 0.01 (< 0.01) 0.01 (< 0.01) 0.01 (< 0.01) 0.01 (< 0.01) 
     Ca 0.36 17.1 (1.2) 15.0 (3.1) 12.4 (0.4) 14.9 (1.2) 
     Cd 0.90 < 0.01 (< 0.01) < 0.01 (< 0.01) < 0.01 (< 0.01) < 0.01 (< 0.01) 
     Cr 0.90 < 0.01 (< 0.01) < 0.01 (< 0.01) < 0.01 (< 0.01) < 0.01 (< 0.01) 
     Cu 0.57 0.02 (< 0.01) 0.02 (< 0.01) 0.03 (< 0.01) 0.02 (< 0.01) 
     Fe 0.71 0.09 (0.04) 0.13 (0.06) 0.26 (0.23) 0.16 (0.07) 
     K 0.53 8.1 (1.9) 10.0 (0.5) 11.3 (2.8) 9.8 (1.1) 
     Mg 0.75 1.4 (0.1) 1.7 (0.1) 1.8 (0.7) 1.7 (0.2) 
     Mn 0.68 0.04 (0.01) 0.01 (< 0.01) 0.06 (0.04) 0.04 (0.01) 
     Na 0.83 5.3 (0.6) 5.8 (0.5) 6.3 (1.5) 5.8 (0.5) 
     Ni 0.10 < 0.01 (< 0.01) < 0.01 (< 0.01) < 0.01 (< 0.01) < 0.01 (< 0.01) 
     P 0.39 1.1 (0.2) 3.0 (0.7) 2.9 (1.5) 2.3 (0.6) 
     Se 0.94 0.28 (< 0.01) 0.28 (0.01) 0.28 (< 0.01) 0.28 (< 0.01) 
     Zn 0.70 0.09 (0.03) 0.10 (0.01) 0.13 (0.03) 0.10 (0.01) 
† ORP, oxidation-reduction potential. 
‡ EC, electrical conductivity. 
§ DOC, dissolved organic carbon. 
¶ Treatment means, n = 2. 
# Grand means, n = 6. 
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Table 3-12.  Analysis of variance summary of the effects of broiler litter (BL) application rate on 
8-yr cumulative runoff loads.  Broiler litter was hand applied once annually to a silt- loam soil at 
the Agricultural Research and Extension Center in Fayetteville, Arkansas at three application 
rates (0, 5.6, and 11.2 Mg BL ha-1; control, low, and high, respectively) for an 8-yr period.  
Standard errors of treatment means and grand means are provided in parenthesis as estimates of 
variability.   
 
   Broiler Litter Treatment Mean‡  
Runoff Load P-value  Control Low High Grand Mean§ 
   _________________________________ kg ha-1 _________________________________ 
NO3-N 0.93  1.1 (0.5) 1.2 (0.1) 1.0 (0.1) 1.1 (0.1) 
NH4-N 0.15  3.8 (0.3) 2.1 (0.4) 4.6 (0.6) 3.5 (0.5) 
PO4-P 0.33  2.7 (0.4) 7.4 (2.3) 7.0 (3.2) 5.7 (1.4) 
DOC† 0.41  22.3 (1.0) 27.8 (5.0) 29.1 (2.3) 26.4 (2.0) 
As 0.53  0.03 (< 0.01) 0.03 (< 0.01) 0.04 (< 0.01) 0.03 (< 0.01) 
Ca 0.71  45.1 (3.8) 40.8 (12.2) 35.1 (3.4) 40.3 (3.9) 
Cd 0.87  < 0.01 (< 0.01) < 0.01 (< 0.01) 0.01 (< 0.01) < 0.01 (< 0.01) 
Cr 0.85  0.01 (< 0.01) 0.01 (< 0.01) 0.01 (< 0.01) 0.01 (< 0.01) 
Cu 0.62  0.06 (< 0.01) 0.07 (0.02) 0.07 (< 0.01) 0.06 (0.01) 
Fe 0.70  0.23 (0.11) 0.35 (0.18) 0.69 (0.60) 0.42 (0.19) 
K 0.21  21.4 (5.3) 26.5 (1.2) 31.4 (5.9) 26.4 (2.8) 
Mg 0.54  3.8 (0.4) 4.6 (0.6) 5.1 (1.7) 4.5 (0.5) 
Mn 0.66  0.10 (0.04) 0.04 (0.01) 0.15 (0.11) 0.09 (0.04) 
Na 0.60  13.8 (1.3) 15.5 (0.1) 17.6 (3.2) 15.6 (1.1) 
Ni 0.77  0.01 (< 0.01) 0.01 (< 0.01) 0.01 (< 0.01) 0.01 (< 0.01) 
P 0.35  2.9 (0.4) 8.2 (2.6) 7.9 (3.8) 6.3 (1.6) 
Se 0.86  0.74 (< 0.01) 0.76 (0.09) 0.81 (0.06) 0.77 (0.03) 
Zn 0.58  0.23 (0.07) 0.27 (0.04) 0.35 (0.06) 0.28 (0.03) 
† DOC, dissolved organic carbon. 
‡ Treatment means, n = 2. 
§ Grand means, n = 6. 
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Table 3-13.  Runoff mass balance for broiler litter-derived nutrients from a pasture soil amended 
with broiler litter (BL).  Litter was hand applied once annually to a silt- loam soil at the 
Agricultural Research and Extension Center in Fayetteville, Arkansas at three application rates 
(0, 5.6 and 11.2 Mg BL ha-1; control, low and high, respectively) for an 8-yr period.  Runoff was 
continuously monitored and collected after each runoff producing event.  Values represent 8-yr 
cumulative totals.   
 
 Mass Added†  Runoff Mass‡  Percent Loss§  Corrected Loss¶ 
Nutrient Low High  Low High  Low High  Low High 
 ______________ kg ha-1 ______________  ________________________ % ________________________ 
NO3-N 8.8 18.5  1.2 1.0  14(1)a 6(1)b  1(6) <1(3) 
NH4-N 208 416  2.1 4.6  1(<1) 6(1)  -1(<1) <1(<1) 
            
Total Elements     
     C 16624 33248  27.8 29.1  <1(<1) <1(<1)  <1(<1) <1(<1) 
     N 217 435  3.3 5.6  2(<1) 1(<1)  -1(1) 1(<1) 
     P 984 1968  8.2 7.9  1(<1) <1(<1)  <1(<1) <1(<1) 
     K 1568 3136  26.5 31.4  2(<1) 1(<1)  <1(<1) <1(<1) 
     Ca 1656 3312  40.8 35.1  2(1) 1(<1)  <1(<1) <1(<1) 
     Na 407 814  15.5 17.6  4(<1) 2(<1)  <1(<1) <1(<1) 
     Mg 314 627  4.6 5.1  1(<1) 1(<1)  <1(<1) <1(<1) 
     Mn 26 51  0.04 0.15  <1(<1) <1(<1)  <1(<1) <1(<1) 
     Zn 23 46  0.27 0.35  1(<1) 1(<1)  <1(<1) <1(<1) 
     Cu 22 45  0.07 0.07  <1(<1) <1(<1)  <1(<1) <1(<1) 
     Fe 18 37  0.35 0.69  2(1) 2(2)  1(2) 1(2) 
     As 1.2 2.4  0.03 0.04  3(<1)a 2(<1)b  <1(<1) <1(<1) 
     Ni 0.46 0.93  0.01 0.01  1(<1) 1(<1)  <1(<1) <1(<1) 
     Cr 0.32 0.64  0.01 0.01  2(<1)a 1(<1)b  <1(<1) <1(<1) 
     Se 0.15 0.30  0.76 0.81  502(59) 265(20) 12(60) 20(20) 
     Cd 0.01 0.02 <0.01 0.01  58(9) 32(4) <1(8) 3(4) 
† Cumulative mass of nutrient added from BL amendments.  
‡ Cumulative mass of nutrient in runoff.  
§ Percent loss equal to mass in runoff minus mass added, times 100.  
¶ Corrected percent loss was corrected for runoff loss from unamended control before calculating 
percent loss.  Negative values represent control treatment within same experimental block loss 
was greater than littered treatment.  
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Figure 3-1.  Annual precipitation and runoff from broiler litter (BL) amended pasture soil during 
eight years.  Broiler litter was hand applied once annually to a silt- loam soil at the Agricultural 
Research and Extension Center in Fayetteville, Arkansas at three application rates (0, 5.6, and 
11.2 Mg BL ha-1; control, low, and high, respectively).  Study years were designated as starting 
the day BL was applied in late April or early May of the listed year and ending the day before 
BL was re-applied in the following calendar year.  The horizontal dashed line represents the 30-
yr mean precipitation of 1232 mm (NOAA, 2013).  
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Figure 3-2.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual runoff, annual runoff pH [standard error 
(SE) = 0.04], annual electrical conductivity (EC; SE = 17), and annual oxidation-reduction 
potential (ORP).  Study years were designated as starting the day BL was applied in late April or 
early May of the listed year and ending the day before BL was re-applied in the following 
calendar year.  The solid lines for runoff and ORP represent significant (P < 0.05) changes over 
time averaged across BL treatments.  
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Figure 3-3.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual flow-weighted-mean (FWM) runoff iron 
(Fe) concentrations.  Study years were designated as starting the day BL was applied in late 
April or early May of the listed year and ending the day before BL was re-applied in the 
following calendar year.  The solid, small-dashed, and long-dashed lines represent changes in 
annual FWM runoff Fe concentrations over time for the control, low, and high BL treatments, 
respectively.  
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Figure 3-4.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual flow-weighted-mean runoff arsenic (As), 
calcium (Ca), cadmium (Cd), copper (Cu), sodium (Na), and selenium (Se) concentrations.  
Study years were designated as starting the day BL was applied in late April or early May of the 
listed year and ending the day before BL was re-applied in the following calendar year.  Solid 
lines represent changes over time averaged across all BL treatments.  
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Figure 3-5.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual flow-weighted-mean runoff nitrate-
nitrogen [NO3-N; standard error (SE) = 0.14], ammonium-nitrogen (NH4-N; SE = 0.20), 
phosphate-phosphorus (PO4-P; SE = 0.20), dissolved organic carbon (DOC; SE = 2.5), 
chromium (Cr; SE < 1), and potassium (K; SE = 3.0) concentrations.  Study years were 
designated as starting the day BL was applied in late April or early May of the listed year and 
ending the day before BL was re-applied in the following calendar year.   
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Figure 3-6.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual flow-weighted-mean runoff magnesium 
[Mg; standard error (SE) = 0.2], manganese (Mn; SE = 0.01), nickel (Ni; SE < 1), phosphorus (P; 
SE = 0.2), and zinc (Zn; SE = 0.01) concentrations.  Study years were designated as starting the 
day BL was applied in late April or early May of the listed year and ending the day before BL 
was re-applied in the following calendar year.   
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Figure 3-7.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual runoff nitrate-nitrogen (NO3-N), 
ammonium-nitrogen (NH4-N), phosphate-phosphorus (PO4-P), dissolved organic carbon (DOC), 
arsenic (As), and calcium (Ca) loads.  Study years were designated as starting the day BL was 
applied in late April or early May of the listed year and ending the day before BL was re-applied 
in the following calendar year.  Solid lines represent changes over time averaged across all BL 
treatments. 
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Figure 3-8.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual runoff cadmium (Cd), chromium (Cr), 
copper (Cu), iron (Fe), potassium (K), and magnesium (Mg) loads.  Study years were designated 
as starting the day BL was applied in late April or early May of the listed year and ending the 
day before BL was re-applied in the following calendar year.  Solid lines represent changes over 
time averaged across all BL treatments.  
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Figure 3-9.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effect over an 8-yr period on annual runoff manganese (Mn), sodium (Na), 
nickel (Ni), phosphorus (P), selenium (Se), and zinc (Zn) loads.  Study years were designated as 
starting the day BL was applied in late April or early May of the listed year and ending the day 
before BL was re-applied in the following calendar year.  Solid lines represent changes over time 
averaged across all BL treatments.  
  
0
40
80
120
M
n
 (
g
 h
a
-1
)
Control
Low
High
0
1
2
3
4
5
N
i 
(g
 h
a
-1
)
0
2
4
6
8
P
 (
k
g
 h
a
-1
)
20
03
20
04
20
05
20
06
20
07
20
08
20
09
20
10
0
200
400
600
S
e 
(g
 h
a
-1
)
20
03
20
04
20
05
20
06
20
07
20
08
20
09
20
10
0
100
200
300
Z
n
 (
g
 h
a
-1
)
0
4
8
12
16
N
a
 (
k
g
 h
a
-1
)
Study Year
233 
 
Appendix 3-1.  Example SAS program for analysis of covariance run as a macro and related 
data. 
 
options mprint; 
  
title 'Annual Runoff LOADS and FWM -- Richard McMullen --'; 
title2 'All elements Runoff Models 1 and 2 Estimates pH, Redox, EC and DOC etc.';  
  
data loads; 
  infile 'F:\McMullen\Runoff\SAS\AnnualTrends\AnnualROHalfLimit.csv' firstobs=2 DLM=',' 
 truncover LRECL = 600 DSD; 
  input Year BL $ lys Block Vol ROmm pH redox EC NO3 NH4 PO4 DOC Al As Ca  
        Cd Cr Cu Fe K Mg Mn Na Ni TP S Se Zn fwmNO3 fwmNH4 
        fwmPO4 fwmDOC fwmAl fwmAs fwmCa fwmCd fwmCr fwmCu 
        fwmFe fwmK fwmMg fwmMn fwmNa fwmNi fwmP fwmS fwmSe fwmZn ;  
 * year = 2002 + year; 
  label BL = 'Broiler Litter'; 
run; 
  
proc sort data=loads; by year block lys; 
run; 
quit; 
  
title3 'INITIAL DATA LISTING'; 
proc print data=loads noobs; by year block; 
  id year block; 
  var lys bl ROmm pH redox EC NO3 NH4 PO4 DOC Al As Ca 
        Cd Cr Cu Fe K Mg Mn Na Ni TP S Se Zn fwmNO3 fwmNH4 
        fwmPO4 fwmDOC fwmAl fwmAs fwmCa fwmCd fwmCr fwmCu 
        fwmFe fwmK fwmMg fwmMn fwmNa fwmNi fwmP fwmS fwmSe 
        fwmZn ; 
run cancel; 
quit; 
 
%Macro xxx(var=); 
  
title3 'Parameter ESTIMATES for 1st TEST- Diff Slopes, Diff Intercepts'; 
title4 "---------- &var ----------"; 
proc mixed data=loads method=type3 ; 
  class block bl ; 
  model &var = BL Year BL*Year / ddfm=kr solution;                   /* original model */ 
  random Block ; 
run; 
quit; 
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title3 'Parameter Estimates for 2nd TEST- if BL X Year is NS to test for common slope = 
 ZERO'; 
title4 "---------- &var ----------"; 
proc mixed data=loads method=type3 ; 
  class block bl ; 
  model &var = BL Year         / ddfm=kr residual outpm=phresid;                   /* run when 
 BL*year NS to test common slope = 0 */ 
  random Block ; 
run; 
 
%MEnd xxx; 
  
%xxx(var=ROmm   ); 
%xxx(var=pH         ); 
%xxx(var=redox      ); 
%xxx(var=EC         ); 
%xxx(var=NO3        ); 
%xxx(var=NH4        ); 
%xxx(var=PO4        ); 
%xxx(var=DOC        ); 
%xxx(var=Al         ); 
%xxx(var=As         ); 
%xxx(var=Ca         ); 
%xxx(var=Cd         ); 
%xxx(var=Cr         ); 
%xxx(var=Cu         ); 
%xxx(var=Fe         ); 
%xxx(var=K          ); 
%xxx(var=Mg         ); 
%xxx(var=Mn         ); 
%xxx(var=Na         ); 
%xxx(var=Ni         ); 
%xxx(var=TP         ); 
%xxx(var=S          ); 
%xxx(var=Se         ); 
%xxx(var=Zn         ); 
%xxx(var=fwmNO3  ); 
%xxx(var=fwmNH4 ); 
%xxx(var=fwmPO4  ); 
%xxx(var=fwmDOC  ); 
%xxx(var=fwmAl      ); 
%xxx(var=fwmAs      ); 
%xxx(var=fwmCa      ); 
%xxx(var=fwmCd      ); 
%xxx(var=fwmCr      ); 
%xxx(var=fwmCu      ); 
235 
 
%xxx(var=fwmFe      ); 
%xxx(var=fwmK       ); 
%xxx(var=fwmMg  ); 
%xxx(var=fwmMn   ); 
%xxx(var=fwmNa      ); 
%xxx(var=fwmNi      ); 
%xxx(var=fwmP       ); 
%xxx(var=fwmS       ); 
%xxx(var=fwmSe      ); 
%xxx(var=fwmZn      ); 
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Study BL Lys Block Runoff Runoff pH redox EC NO3-N 
Year Trtmnt # # L/ha mm 
 
mV µS/cm g/ha 
1 Low 1 1 22464 2.25 7.11 8.26 369.4 5.68 
1 High 2 2 21092 2.11 7.24 2.56 331.9 17.19 
1 Low 3 2 31758 3.18 7.12 7.26 391.7 7.00 
1 Control 4 2 12223 1.22 7.26 2.21 351.5 1.04 
1 Control 5 1 12703 1.27 7.33 -4.21 567.3 3.17 
1 High 6 1 10094 1.01 7.37 -10.14 91.9 0.45 
2 Low 1 1 22866 2.29 6.49 42.28 449.3 10.11 
2 High 2 2 20815 2.08 6.45 42.60 123.1 5.54 
2 Low 3 2 28342 2.84 6.59 32.89 289.6 16.40 
2 Control 4 2 21853 2.19 6.63 33.81 232.5 8.13 
2 Control 5 1 24016 2.40 6.62 34.50 288.9 8.78 
2 High 6 1 28927 2.90 6.67 31.63 209.2 20.15 
3 Low 1 1 5339 0.53 6.43 44.33 322.0 4.83 
3 High 2 2 4172 0.42 6.39 45.20 274.9 2.12 
3 Low 3 2 10602 1.06 6.30 49.52 224.0 8.59 
3 Control 4 2 1723 0.17 6.58 32.70 360.2 0.54 
3 Control 5 1 1672 0.17 6.63 30.67 426.4 0.66 
3 High 6 1 1774 0.18 6.64 29.60 517.9 11.13 
4 Low 1 1 12705 1.27 6.28 48.06 323.8 2.04 
4 High 2 2 13529 1.35 6.28 46.03 411.1 4.02 
4 Low 3 2 13457 1.35 6.28 47.12 319.3 1.65 
4 Control 4 2 12550 1.26 6.36 42.65 343.2 1.35 
4 Control 5 1 12134 1.21 6.13 55.00 270.0 3.79 
4 High 6 1 11912 1.19 6.26 48.54 348.9 14.65 
5 Low 1 1 251180 25.14 6.67 10.84 387.7 97.90 
5 High 2 2 286204 28.65 6.76 5.72 486.8 122.97 
5 Low 3 2 56918 5.70 6.67 13.10 485.1 25.73 
5 Control 4 2 157754 15.79 6.67 15.05 468.4 65.52 
5 Control 5 1 167623 16.78 6.88 -1.39 722.9 74.61 
5 High 6 1 155572 15.57 6.72 10.20 632.7 86.31 
6 Low 1 1 350502 35.08 7.03 -23.59 331.3 186.27 
6 High 2 2 324794 32.51 6.88 -15.55 333.1 99.84 
6 Low 3 2 84384 8.45 6.70 -5.10 300.3 38.80 
6 Control 4 2 185159 18.53 6.77 -4.18 229.7 90.95 
6 Control 5 1 130103 13.02 6.88 -15.82 378.8 103.80 
6 High 6 1 153723 15.39 6.69 -5.44 410.6 238.42 
7 Low 1 1 139309 13.94 6.90 -19.59 324.1 56.29 
7 High 2 2 180182 18.03 6.88 -18.74 257.7 89.35 
7 Low 3 2 80315 8.04 6.90 -19.57 454.9 302.08 
237 
 
7 Control 4 2 93553 9.36 6.79 -13.38 280.7 47.20 
7 Control 5 1 131272 13.14 6.78 -12.71 511.8 59.61 
7 High 6 1 117205 11.73 6.64 -4.84 398.5 83.23 
8 Low 1 1 2122354 212.43 6.89 -20.98 380.8 886.09 
8 High 2 2 2144195 214.61 6.53 -0.67 354.2 565.17 
8 Low 3 2 2117557 211.95 6.71 -11.10 397.1 747.01 
8 Control 4 2 2116025 211.79 6.62 -5.53 379.9 1346.32 
8 Control 5 1 2177884 217.98 6.72 -12.01 509.7 401.96 
8 High 6 1 2151526 215.35 6.75 -13.54 461.2 685.87 
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NH4-N PO4-P DOC Al As Ca Cd Cr Cu 
g/ha g/ha g/ha g/ha g/ha g/ha g/ha g/ha g/ha 
20.94 34.27 264.5 242.95 0.792 59.27 0.016 0.051 0.110 
43.39 42.23 127.1 373.67 1.161 94.62 0.012 0.036 0.274 
39.74 85.30 579.4 263.72 0.974 135.10 0.017 0.048 0.252 
14.11 13.99 128.8 6.98 0.059 24.54 0.002 0.005 0.110 
24.02 12.21 107.9 37.80 0.165 21.35 0.004 0.008 0.116 
4.28 2.40 23.4 1.69 0.006 4.69 0.000 0.001 0.018 
140.60 68.49 406.2 508.31 1.793 146.79 0.000 0.109 0.171 
12.02 31.23 144.8 229.81 0.898 137.21 0.000 0.079 0.046 
78.49 92.25 586.4 193.48 0.894 182.03 0.000 0.094 0.262 
34.26 33.62 179.2 310.23 1.195 217.71 0.000 0.137 0.037 
20.86 33.73 237.0 294.16 1.142 236.11 0.000 0.146 0.108 
42.94 49.14 205.8 1311.31 4.765 280.86 0.000 0.178 0.098 
6.13 20.74 164.9 112.77 0.261 34.86 0.000 0.031 0.086 
8.56 20.36 128.0 98.47 0.267 36.39 0.000 0.013 0.051 
12.63 39.03 268.3 88.83 0.240 91.89 0.004 0.062 0.066 
2.88 9.22 80.9 6.59 0.004 14.62 0.000 0.004 0.042 
3.26 7.72 107.0 24.22 0.074 16.80 0.000 0.011 0.090 
8.03 11.37 181.3 8.39 0.018 29.70 0.000 0.010 0.105 
11.25 43.44 281.9 26.61 0.010 77.73 0.014 0.009 0.258 
60.33 54.62 286.4 70.06 0.016 145.65 0.010 0.013 0.168 
9.26 41.38 303.9 38.59 0.006 104.21 0.015 0.009 0.135 
10.58 27.20 225.2 86.82 0.002 85.97 0.017 0.012 0.115 
38.88 32.07 268.6 51.56 0.008 96.74 0.010 0.016 0.189 
55.92 37.22 323.4 17.77 0.017 102.01 0.013 0.013 0.185 
543.09 566.33 4875.9 31.78 1.793 5017.80 0.899 0.764 12.759 
553.46 454.47 4725.2 73.02 1.862 5770.42 0.938 0.829 14.098 
135.73 185.66 1568.4 21.80 0.356 763.76 0.171 0.178 3.048 
343.72 322.62 3221.4 80.04 1.177 2567.94 0.529 0.458 8.039 
643.14 498.26 6929.9 102.67 1.669 2731.95 0.639 0.479 10.404 
737.31 640.63 5853.7 238.55 1.033 2231.21 0.549 0.528 9.631 
339.41 672.23 3112.4 10.06 3.076 7241.29 0.770 0.898 15.720 
317.22 794.20 3281.8 12.01 2.949 5140.32 0.762 0.774 15.124 
89.20 415.18 985.7 8.36 0.906 1856.32 0.241 0.203 4.086 
233.50 301.57 1452.6 14.57 1.771 2070.82 0.443 0.430 8.367 
315.26 444.83 909.9 22.23 1.128 1555.13 0.362 0.277 5.726 
587.34 685.99 1365.5 74.37 1.586 1314.26 0.478 0.353 8.331 
104.44 258.63 1670.6 6.34 1.635 2925.99 0.237 0.165 4.020 
241.18 335.04 1846.4 13.46 2.238 4175.89 0.464 0.527 5.802 
364.20 298.94 1824.8 3.85 0.970 1756.47 0.114 0.104 3.189 
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107.04 118.25 971.4 4.51 1.126 1919.00 0.144 0.106 1.968 
505.06 239.82 1531.3 16.43 1.440 1588.32 0.219 0.158 3.002 
150.78 212.31 788.0 33.65 0.697 646.01 0.056 0.035 1.979 
1434.79 8138.79 22082.0 1534.56 27.455 37517.97 3.406 5.046 50.913 
3912.93 2043.09 16262.2 703.31 27.801 23023.21 3.441 5.085 36.016 
980.64 3913.43 16686.8 1088.11 27.355 23782.86 3.394 5.037 36.251 
3444.74 2199.07 17084.5 1238.27 27.307 34438.67 3.399 5.094 39.287 
1947.84 1054.64 11216.8 853.00 28.196 42624.30 3.460 5.135 34.149 
2453.01 8504.65 22716.2 2695.88 27.411 27017.30 3.388 5.052 54.113 
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Fe K Mg Mn Na Ni P S Se 
g/ha g/ha g/ha g/ha g/ha g/ha g/ha g/ha g/ha 
0.78 263.50 23.38 1.07 35.26 0.010 32.54 25.43 0.08 
1.27 406.91 30.29 0.52 52.23 0.046 42.28 44.14 0.12 
1.68 568.69 44.93 3.07 75.46 0.041 83.40 58.12 0.15 
0.33 98.45 9.12 0.70 8.61 0.011 14.09 13.83 0.01 
0.27 93.87 8.66 0.30 13.32 0.010 12.48 14.98 0.03 
0.06 20.23 1.78 0.19 2.02 0.001 2.95 3.06 0.00 
3.46 399.34 34.88 1.16 52.36 0.061 75.16 58.66 0.36 
10.45 219.44 23.92 1.06 27.97 0.023 32.33 23.69 0.19 
2.82 662.61 53.46 1.09 73.50 0.051 99.31 87.23 0.23 
6.24 277.18 30.47 2.02 42.30 0.023 35.33 29.60 0.31 
7.62 261.06 35.68 2.20 45.10 0.022 35.62 36.82 0.32 
14.44 253.77 37.75 0.68 51.40 0.069 52.13 42.31 0.39 
0.56 196.37 12.78 0.47 19.29 0.011 21.47 17.94 0.03 
0.50 189.49 9.87 0.45 16.57 0.014 20.44 13.85 0.01 
0.75 367.53 28.16 1.10 29.90 0.040 41.17 30.85 0.04 
0.20 85.41 4.87 0.24 7.72 0.010 10.19 9.14 0.00 
0.35 110.38 7.27 0.29 7.41 0.010 9.68 11.17 0.00 
0.54 177.90 12.60 1.09 10.77 0.022 12.13 17.02 0.01 
1.28 270.20 25.73 0.89 35.68 0.026 46.82 31.41 0.00 
2.88 288.26 30.81 0.78 47.09 0.027 56.44 33.48 0.00 
1.64 308.03 25.00 1.23 34.90 0.030 45.68 35.99 0.00 
2.36 197.35 18.84 0.66 37.03 0.021 29.20 21.79 0.01 
1.81 184.58 21.20 0.50 55.78 0.027 34.32 25.71 0.01 
3.03 196.22 26.17 0.74 59.66 0.029 40.10 28.29 0.00 
17.89 6300.62 487.39 11.93 970.76 0.724 578.94 858.59 70.06 
22.76 6431.88 476.76 14.37 1165.02 0.817 465.41 866.46 92.91 
5.62 2115.36 131.95 2.23 332.20 0.211 219.72 276.57 17.04 
18.44 4769.32 287.19 8.43 831.67 0.749 379.57 557.52 45.72 
43.52 14530.46 595.41 12.49 1112.18 0.821 644.27 1153.15 52.99 
114.24 10438.69 632.67 27.75 1433.75 0.850 822.59 1545.37 44.19 
11.10 5392.60 624.33 8.54 839.73 0.911 644.87 760.22 114.85 
9.17 5814.90 544.45 5.77 798.66 0.749 777.72 830.02 115.18 
4.83 2470.39 248.78 2.99 306.91 0.240 422.23 356.75 27.37 
8.08 1884.94 258.97 3.90 384.14 0.463 286.59 283.68 70.90 
13.55 3264.52 290.87 2.58 373.22 0.336 467.71 399.69 40.31 
36.69 3052.58 373.60 2.87 803.83 0.539 710.58 794.61 74.21 
3.86 1808.40 230.37 3.47 372.87 0.452 238.96 297.31 69.38 
6.11 2542.03 292.61 2.80 462.65 0.705 316.85 354.20 62.15 
2.55 1872.21 203.14 1.85 334.49 0.261 304.07 425.61 38.27 
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0.89 830.61 146.72 1.15 234.94 0.302 104.33 146.52 37.99 
14.53 1304.83 250.63 5.35 407.80 0.393 218.74 272.52 42.97 
15.09 1200.34 173.33 0.74 424.73 0.198 222.07 484.29 32.77 
491.82 13098.41 3718.66 16.08 13186.86 4.390 9139.17 2480.75 598.43 
30.57 9603.37 1985.83 6.99 11831.66 4.436 2371.29 2790.65 596.27 
150.85 16996.57 3220.35 15.79 14224.69 4.370 4401.53 6184.18 589.60 
305.25 7884.06 2660.64 119.10 13625.82 4.369 2473.17 2405.66 590.38 
34.89 6960.21 2914.56 37.91 10466.39 4.511 1111.19 1821.77 607.28 
1103.38 21979.69 5489.93 228.42 17927.11 4.386 9818.80 6510.69 592.92 
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Zn 
fwmNO3-
N 
fwmNH4-
N fwmPO4 fwmDOC fwmAl fwmAs fwmCa 
g/ha mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
2.10 0.25 0.93 1.53 11.77 10.81 0.035 2.64 
2.23 0.81 2.06 2.00 6.02 17.72 0.055 4.49 
4.72 0.22 1.25 2.69 18.24 8.30 0.031 4.25 
0.60 0.08 1.15 1.14 10.54 0.57 0.005 2.01 
0.60 0.25 1.89 0.96 8.49 2.98 0.013 1.68 
0.14 0.04 0.42 0.24 2.32 0.17 0.001 0.46 
3.10 0.44 6.15 3.00 17.76 22.23 0.078 6.42 
1.77 0.27 0.58 1.50 6.96 11.04 0.043 6.59 
5.10 0.58 2.77 3.25 20.69 6.83 0.032 6.42 
3.54 0.37 1.57 1.54 8.20 14.20 0.055 9.96 
3.16 0.37 0.87 1.40 9.87 12.25 0.048 9.83 
2.54 0.70 1.48 1.70 7.11 45.33 0.165 9.71 
1.23 0.91 1.15 3.88 30.89 21.12 0.049 6.53 
0.78 0.51 2.05 4.88 30.68 23.60 0.064 8.72 
2.33 0.81 1.19 3.68 25.30 8.38 0.023 8.67 
0.38 0.31 1.67 5.35 46.94 3.82 0.003 8.49 
0.50 0.39 1.95 4.62 63.98 14.49 0.044 10.05 
0.62 6.27 4.53 6.41 102.16 4.73 0.010 16.74 
2.14 0.16 0.89 3.42 22.18 2.09 0.001 6.12 
2.23 0.30 4.46 4.04 21.17 5.18 0.001 10.77 
2.40 0.12 0.69 3.08 22.59 2.87 0.000 7.74 
1.77 0.11 0.84 2.17 17.95 6.92 0.000 6.85 
3.55 0.31 3.20 2.64 22.13 4.25 0.001 7.97 
5.61 1.23 4.69 3.12 27.15 1.49 0.001 8.56 
23.38 0.39 2.16 2.25 19.41 0.13 0.007 19.98 
26.85 0.43 1.93 1.59 16.51 0.26 0.007 20.16 
7.33 0.45 2.38 3.26 27.56 0.38 0.006 13.42 
18.25 0.42 2.18 2.05 20.42 0.51 0.007 16.28 
27.13 0.45 3.84 2.97 41.34 0.61 0.010 16.30 
31.29 0.55 4.74 4.12 37.63 1.53 0.007 14.34 
35.13 0.53 0.97 1.92 8.88 0.03 0.009 20.66 
36.47 0.31 0.98 2.45 10.10 0.04 0.009 15.83 
13.78 0.46 1.06 4.92 11.68 0.10 0.011 22.00 
22.12 0.49 1.26 1.63 7.85 0.08 0.010 11.18 
17.17 0.80 2.42 3.42 6.99 0.17 0.009 11.95 
22.67 1.55 3.82 4.46 8.88 0.48 0.010 8.55 
13.78 0.40 0.75 1.86 11.99 0.05 0.012 21.00 
17.34 0.50 1.34 1.86 10.25 0.07 0.012 23.18 
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9.63 3.76 4.53 3.72 22.72 0.05 0.012 21.87 
9.11 0.50 1.14 1.26 10.38 0.05 0.012 20.51 
18.08 0.45 3.85 1.83 11.66 0.13 0.011 12.10 
9.92 0.71 1.29 1.81 6.72 0.29 0.006 5.51 
229.30 0.42 0.68 3.83 10.40 0.72 0.013 17.68 
196.18 0.26 1.82 0.95 7.58 0.33 0.013 10.74 
184.08 0.35 0.46 1.85 7.88 0.51 0.013 11.23 
242.69 0.64 1.63 1.04 8.07 0.59 0.013 16.28 
97.95 0.18 0.89 0.48 5.15 0.39 0.013 19.57 
337.49 0.32 1.14 3.95 10.56 1.25 0.013 12.56 
 
  
244 
 
fwmCd fwmCr fwmCu fwmFe fwmK fwmMg fwmMn fwmNa fwmNi 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
0.001 0.002 0.005 0.03 11.73 1.04 0.05 1.57 0.000 
0.001 0.002 0.013 0.06 19.29 1.44 0.02 2.48 0.002 
0.001 0.002 0.008 0.05 17.91 1.41 0.10 2.38 0.001 
0.000 0.000 0.009 0.03 8.05 0.75 0.06 0.70 0.001 
0.000 0.001 0.009 0.02 7.39 0.68 0.02 1.05 0.001 
0.000 0.000 0.002 0.01 2.00 0.18 0.02 0.20 0.000 
0.000 0.005 0.007 0.15 17.46 1.53 0.05 2.29 0.003 
0.000 0.004 0.002 0.50 10.54 1.15 0.05 1.34 0.001 
0.000 0.003 0.009 0.10 23.38 1.89 0.04 2.59 0.002 
0.000 0.006 0.002 0.29 12.68 1.39 0.09 1.94 0.001 
0.000 0.006 0.005 0.32 10.87 1.49 0.09 1.88 0.001 
0.000 0.006 0.003 0.50 8.77 1.31 0.02 1.78 0.002 
0.000 0.006 0.016 0.10 36.78 2.39 0.09 3.61 0.002 
0.000 0.003 0.012 0.12 45.41 2.36 0.11 3.97 0.003 
0.000 0.006 0.006 0.07 34.67 2.66 0.10 2.82 0.004 
0.000 0.002 0.025 0.12 49.58 2.83 0.14 4.48 0.006 
0.000 0.006 0.054 0.21 66.03 4.35 0.17 4.43 0.006 
0.000 0.006 0.059 0.30 100.27 7.10 0.62 6.07 0.012 
0.001 0.001 0.020 0.10 21.27 2.03 0.07 2.81 0.002 
0.001 0.001 0.012 0.21 21.31 2.28 0.06 3.48 0.002 
0.001 0.001 0.010 0.12 22.89 1.86 0.09 2.59 0.002 
0.001 0.001 0.009 0.19 15.73 1.50 0.05 2.95 0.002 
0.001 0.001 0.016 0.15 15.21 1.75 0.04 4.60 0.002 
0.001 0.001 0.015 0.25 16.47 2.20 0.06 5.01 0.002 
0.004 0.003 0.051 0.07 25.08 1.94 0.05 3.86 0.003 
0.003 0.003 0.049 0.08 22.47 1.67 0.05 4.07 0.003 
0.003 0.003 0.054 0.10 37.17 2.32 0.04 5.84 0.004 
0.003 0.003 0.051 0.12 30.23 1.82 0.05 5.27 0.005 
0.004 0.003 0.062 0.26 86.69 3.55 0.07 6.63 0.005 
0.004 0.003 0.062 0.73 67.10 4.07 0.18 9.22 0.005 
0.002 0.003 0.045 0.03 15.39 1.78 0.02 2.40 0.003 
0.002 0.002 0.047 0.03 17.90 1.68 0.02 2.46 0.002 
0.003 0.002 0.048 0.06 29.28 2.95 0.04 3.64 0.003 
0.002 0.002 0.045 0.04 10.18 1.40 0.02 2.07 0.003 
0.003 0.002 0.044 0.10 25.09 2.24 0.02 2.87 0.003 
0.003 0.002 0.054 0.24 19.86 2.43 0.02 5.23 0.004 
0.002 0.001 0.029 0.03 12.98 1.65 0.02 2.68 0.003 
0.003 0.003 0.032 0.03 14.11 1.62 0.02 2.57 0.004 
0.001 0.001 0.040 0.03 23.31 2.53 0.02 4.16 0.003 
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0.002 0.001 0.021 0.01 8.88 1.57 0.01 2.51 0.003 
0.002 0.001 0.023 0.11 9.94 1.91 0.04 3.11 0.003 
0.000 0.000 0.017 0.13 10.24 1.48 0.01 3.62 0.002 
0.002 0.002 0.024 0.23 6.17 1.75 0.01 6.21 0.002 
0.002 0.002 0.017 0.01 4.48 0.93 0.00 5.52 0.002 
0.002 0.002 0.017 0.07 8.03 1.52 0.01 6.72 0.002 
0.002 0.002 0.019 0.14 3.73 1.26 0.06 6.44 0.002 
0.002 0.002 0.016 0.02 3.20 1.34 0.02 4.81 0.002 
0.002 0.002 0.025 0.51 10.22 2.55 0.11 8.33 0.002 
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fwmP fwmS fwmSe fwmZn 
mg/L mg/L mg/L mg/L 
1.45 1.13 0.004 0.09 
2.00 2.09 0.006 0.11 
2.63 1.83 0.005 0.15 
1.15 1.13 0.001 0.05 
0.98 1.18 0.002 0.05 
0.29 0.30 0.000 0.01 
3.29 2.57 0.016 0.14 
1.55 1.14 0.009 0.09 
3.50 3.08 0.008 0.18 
1.62 1.35 0.014 0.16 
1.48 1.53 0.013 0.13 
1.80 1.46 0.013 0.09 
4.02 3.36 0.006 0.23 
4.90 3.32 0.003 0.19 
3.88 2.91 0.004 0.22 
5.91 5.31 0.002 0.22 
5.79 6.68 0.002 0.30 
6.84 9.59 0.005 0.35 
3.69 2.47 0.000 0.17 
4.17 2.47 0.000 0.16 
3.39 2.67 0.000 0.18 
2.33 1.74 0.001 0.14 
2.83 2.12 0.001 0.29 
3.37 2.37 0.000 0.47 
2.30 3.42 0.279 0.09 
1.63 3.03 0.325 0.09 
3.86 4.86 0.299 0.13 
2.41 3.53 0.290 0.12 
3.84 6.88 0.316 0.16 
5.29 9.93 0.284 0.20 
1.84 2.17 0.328 0.10 
2.39 2.56 0.355 0.11 
5.00 4.23 0.324 0.16 
1.55 1.53 0.383 0.12 
3.59 3.07 0.310 0.13 
4.62 5.17 0.483 0.15 
1.72 2.13 0.498 0.10 
1.76 1.97 0.345 0.10 
3.79 5.30 0.477 0.12 
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1.12 1.57 0.406 0.10 
1.67 2.08 0.327 0.14 
1.89 4.13 0.280 0.08 
4.31 1.17 0.282 0.11 
1.11 1.30 0.278 0.09 
2.08 2.92 0.278 0.09 
1.17 1.14 0.279 0.11 
0.51 0.84 0.279 0.04 
4.56 3.03 0.276 0.16 
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Appendix 3-2.  Example SAS program for analysis of variance run as a macro and related data.  
 
options mprint; 
  
title '8 YEAR Runoff LOADS and FWM -- Richard McMullen --'; 
title2 'All elements Runoff '; 
  
data loads; 
  infile 'F:\McMullen\Runoff\SAS\8YearCumLoads\8yrCumulativeROHalfLimit.csv' firstobs=2 
 DLM=',' truncover LRECL = 600 DSD; 
  input BL $ lys Block ROmm pH redox EC NO3 NH4 PO4 DOC Al As Ca 
        Cd Cr Cu Fe K Mg Mn Na Ni TP S Se Zn fwmNO3 fwmNH4 
        fwmPO4 fwmDOC fwmAl fwmAs fwmCa fwmCd fwmCr fwmCu 
        fwmFe fwmK fwmMg fwmMn fwmNa fwmNi fwmP fwmS fwmSe fwmZn ;  
  label BL = 'Broiler Litter'; 
run; 
  
proc sort data=loads; by block lys; 
run; 
quit; 
  
title3 'INITIAL DATA LISTING'; 
proc print data=loads noobs; by block; 
  id block; 
  var BL lys ROmm pH redox EC NO3 NH4 PO4 DOC Al As Ca 
        Cd Cr Cu Fe K Mg Mn Na Ni TP S Se Zn fwmNO3 fwmNH4 
        fwmPO4 fwmDOC fwmAl fwmAs fwmCa fwmCd fwmCr fwmCu 
        fwmFe fwmK fwmMg fwmMn fwmNa fwmNi fwmP fwmS fwmSe fwmZn ;  
 
run ; 
quit; 
  
%Macro xxx(var=); 
  
title3 'ANALYSIS OF VARIANCE'; 
title4 "---------- &var ----------"; 
proc mixed data=loads method=type3 ; 
  class block bl; 
  model &var = BL ; 
  random block; 
  lsmeans BL; 
  contrast 'Control vs High'  bl 1 -1 0 ; 
  contrast 'Control vs Low' bl 1 0 -1 ; 
  contrast 'Low vs High' bl 0 1 -1 ; 
   
run; 
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%MEnd xxx; 
  
%xxx(var=ROmm  ); 
%xxx(var=pH         ); 
%xxx(var=redox      ); 
%xxx(var=EC         ); 
%xxx(var=NO3        ); 
%xxx(var=NH4        ); 
%xxx(var=PO4        ); 
%xxx(var=DOC        ); 
%xxx(var=Al         ); 
%xxx(var=As         ); 
%xxx(var=Ca         ); 
%xxx(var=Cd         ); 
%xxx(var=Cr         ); 
%xxx(var=Cu         ); 
%xxx(var=Fe         ); 
%xxx(var=K          ); 
%xxx(var=Mg         ); 
%xxx(var=Mn         ); 
%xxx(var=Na         ); 
%xxx(var=Ni         ); 
%xxx(var=TP         ); 
%xxx(var=S          ); 
%xxx(var=Se         ); 
%xxx(var=Zn         ); 
%xxx(var=fwmNO3  ); 
%xxx(var=fwmNH4  ); 
%xxx(var=fwmPO4   ); 
%xxx(var=fwmDOC  ); 
%xxx(var=fwmAl      ); 
%xxx(var=fwmAs      ); 
%xxx(var=fwmCa      ); 
%xxx(var=fwmCd      ); 
%xxx(var=fwmCr      ); 
%xxx(var=fwmCu      ); 
%xxx(var=fwmFe      ); 
%xxx(var=fwmK       ); 
%xxx(var=fwmMg    ); 
%xxx(var=fwmMn    ); 
%xxx(var=fwmNa      ); 
%xxx(var=fwmNi      ); 
%xxx(var=fwmP       ); 
%xxx(var=fwmS       ); 
%xxx(var=fwmSe   ); 
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%xxx(var=fwmZn      ); 
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Note:  The 8-yr data set is presented as transposed. 
 
BL Treatment High Control High Control Low High 
Lys # 3 4 6 5 1 2 
Block 2 2 1 1 1 2 
RO depth (mm) 242.6 260.3 263.3 266.0 292.9 299.8 
pH 6.66 6.71 6.72 6.75 6.73 6.68 
redox (mV) 14.3 12.9 10.8 9.3 11.2 13.4 
EC(µS/cm) 357.8 330.8 383.9 459.5 361.0 321.6 
NO3-N(g/ha) 1147.3 1561.0 1140.2 656.4 1249.2 906.2 
NH4-N(g/ha) 1709.9 4190.8 4039.6 3498.3 2600.6 5149.1 
PO4(g/ha) 5071.2 3025.5 10143.7 2323.3 9802.9 3775.2 
DOC(g/ha) 22803.7 23344.0 31457.2 21308.2 32858.4 26801.9 
Al(g/ha) 1706.7 1748.0 4381.6 1402.1 2473.4 1573.8 
As(g/ha) 31.7 32.6 35.5 33.8 36.8 37.2 
Ca(g/ha) 28672.6 41339.3 31626.0 48870.7 53021.7 38523.7 
Cd(g/ha) 3.96 4.53 4.48 4.69 5.34 5.63 
Cr(g/ha) 5.73 6.25 6.17 6.23 7.07 7.36 
Cu(g/ha) 47.3 58.0 74.5 53.8 84.0 71.6 
Fe(g/ha) 170.7 341.8 1287.5 116.5 530.7 83.7 
K(g/ha) 25361.4 16027.3 37319.4 26709.9 27729.4 25496.3 
Mg(g/ha) 3955.8 3416.8 6747.8 4124.3 5157.5 3394.5 
Mn(g/ha) 29.4 136.2 262.5 61.6 43.6 32.7 
Na(g/ha) 15412.0 15172.2 20713.3 12481.2 15512.8 14401.8 
Ni(g/ha) 5.24 5.95 6.09 6.13 6.59 6.82 
P(g/ha) 5617.1 3332.5 11681.4 2534.0 10777.9 4082.7 
S(g/ha) 7455.3 3467.7 9425.6 3735.8 4530.3 4956.5 
Se(g/ha) 672.7 745.3 744.5 743.9 853.2 866.8 
Zn(g/ha) 229.4 298.5 410.3 168.1 310.2 283.8 
fwmNO3-N(mg/L) 0.47 0.60 0.43 0.25 0.43 0.30 
fwmNH4-N(mg/L) 0.71 1.61 1.54 1.32 0.89 1.72 
fwmPO4(mg/L) 2.09 1.16 3.86 0.87 3.35 1.26 
fwmDOC(mg/L) 9.41 8.98 11.96 8.02 11.23 8.95 
fwmAl(mg/L) 0.70 0.67 1.67 0.53 0.85 0.53 
fwmAs(mg/L) 0.01 0.01 0.01 0.01 0.01 0.01 
fwmCa(mg/L) 11.83 15.89 12.02 18.39 18.12 12.86 
fwmCd(mg/L) 0.002 0.002 0.002 0.002 0.002 0.002 
fwmCr(mg/L) 0.002 0.002 0.002 0.002 0.002 0.002 
fwmCu(mg/L) 0.020 0.022 0.028 0.020 0.029 0.024 
fwmFe(mg/L) 0.07 0.13 0.49 0.04 0.18 0.03 
fwmK(mg/L) 10.47 6.16 14.19 10.05 9.47 8.51 
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fwmMg(mg/L) 1.63 1.31 2.57 1.55 1.76 1.13 
fwmMn(mg/L) 0.012 0.052 0.100 0.023 0.015 0.011 
fwmNa(mg/L) 6.36 5.83 7.87 4.70 5.30 4.81 
fwmNi(mg/L) 0.002 0.002 0.002 0.002 0.002 0.002 
fwmP(mg/L) 2.32 1.28 4.44 0.95 3.68 1.36 
fwmS(mg/L) 3.08 1.33 3.58 1.41 1.55 1.65 
fwmSe(mg/L) 0.278 0.287 0.283 0.280 0.292 0.289 
fwmZn(mg/L) 0.095 0.115 0.156 0.063 0.106 0.095 
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Appendix 3-3.  Example SAS program for Pearson’s correlation analysis.  
 
options mprint; 
  
title 'Annual Runoff LOADS and FWM -- Richard McMullen --'; 
title2 'All elements Runoff Correlations with Rainfall-mm and Runoff-mm'; 
  
data loads; 
  infile 'F:\McMullen\Runoff\SAS\Correlations\AnnualROHalfLimitCorrelations.csv' firstobs=2 
DLM=',' truncover LRECL = 600 DSD; 
  input Year BL $ lys Block Vol ROmm pH redox EC NO3 NH4 PO4 DOC Al As Ca 
        Cd Cr Cu Fe K Mg Mn Na Ni TP S Se Zn fwmNO3 fwmNH4 
        fwmPO4 fwmDOC fwmAl fwmAs fwmCa fwmCd fwmCr fwmCu 
        fwmFe fwmK fwmMg fwmMn fwmNa fwmNi fwmP fwmS fwmSe fwmZn rain;  
 * year = 2002 + year; 
  label BL = 'Broiler Litter'; 
run; 
  
proc sort data=loads; by year block lys; 
run; 
quit; 
  
title3 'INITIAL DATA LISTING'; 
proc print data=loads noobs; by year block; 
  id year block; 
  var lys bl ROmm pH redox EC NO3 NH4 PO4 DOC Al As Ca 
        Cd Cr Cu Fe K Mg Mn Na Ni TP S Se Zn fwmNO3 fwmNH4 
        fwmPO4 fwmDOC fwmAl fwmAs fwmCa fwmCd fwmCr fwmCu 
        fwmFe fwmK fwmMg fwmMn fwmNa fwmNi fwmP fwmS fwmSe 
        fwmZn rain; 
run cancel; 
quit; 
 
 title3 'Correlations'; 
title4 "----------  ----------"; 
 
 ods graphics on; 
proc corr data=loads plots=matrix(histogram); 
var Year ROmm pH redox EC NO3 NH4 PO4 DOC Al As Ca 
        Cd Cr Cu Fe K Mg Mn Na Ni TP S Se Zn fwmNO3 fwmNH4 
        fwmPO4 fwmDOC fwmAl fwmAs fwmCa fwmCd fwmCr fwmCu 
        fwmFe fwmK fwmMg fwmMn fwmNa fwmNi fwmP fwmS fwmSe fwmZn rain;  
run ; 
ods graphics off;  
run; 
quit;  
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Appendix 3-4.  Example SAS program for analysis of variance for annual and 8-yr cumulative 
above ground dry matter production run as a macro and related data.  
 
 
options mprint; 
  
title 'Annual Above Ground Biomass and 8-yr Cumulative AGB -- Richard McMullen --'; 
title2 'ANOVA blocks fixed'; 
  
data AGB; 
  infile 'F:\McMullen\Biomass\SAS\AGByear1thru8.csv' firstobs=3 DLM=',' truncover LRECL = 
 600 DSD; 
  input Lys BL $ Yr1 Yr2 Yr3 Yr4 Yr5 Yr6 Yr7 Yr8 CumAGB; 
  label BL = 'Broiler Litter'; 
run; 
  
proc sort data=AGB; by bl lys; 
run; 
quit; 
  
title3 'INITIAL DATA LISTING'; 
proc print data=AGB noobs; by bl lys; 
  id bl lys; 
  var Yr1 Yr2 Yr3 Yr4 Yr5 Yr6 Yr7 Yr8 CumAGB; 
run ; 
quit; 
  
%Macro xxx(var=); 
   
title3 'ANOVA'; 
title4 "---------- &var ----------"; 
proc mixed data=AGB method=type3 ; 
  class bl ; 
  model &var = BL      / ddfm=kr residual outpm=ph2resid;    
  lsmeans bl; 
  contrast 'CvsH' bl 1 -1 0; 
  contrast 'CvsL' bl 1 0 -1; 
  contrast 'HvsL' bl 0 1 -1; 
 
 run; 
  
%MEnd xxx; 
  
%xxx(var=Yr1       ); 
%xxx(var=Yr2       ); 
%xxx(var=Yr3       ); 
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%xxx(var=Yr4       ); 
%xxx(var=Yr5       ); 
%xxx(var=Yr6       ); 
%xxx(var=Yr7       ); 
%xxx(var=Yr8       ); 
%xxx(var=CumAGB    ); 
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Lys Block Treatment Year 
AGB 
(kg/ha) 
4 2 Control 1 5393 
1 1 Low 1 8260 
2 2 High 1 11120 
5 1 Control 1 4497 
3 2 Low 1 9092 
6 1 High 1 12856 
4 2 Control 2 5997 
1 1 Low 2 9504 
2 2 High 2 12206 
5 1 Control 2 5222 
3 2 Low 2 8854 
6 1 High 2 12186 
4 2 Control 3 4940 
1 1 Low 3 7853 
2 2 High 3 10006 
5 1 Control 3 5728 
3 2 Low 3 7295 
6 1 High 3 12736 
4 2 Control 4 5384 
1 1 Low 4 11052 
2 2 High 4 10778 
5 1 Control 4 5292 
3 2 Low 4 10880 
6 1 High 4 12560 
4 2 Control 5 5358 
1 1 Low 5 11192 
2 2 High 5 15288 
5 1 Control 5 5860 
3 2 Low 5 9608 
6 1 High 5 15396 
4 2 Control 6 10074 
1 1 Low 6 11376 
2 2 High 6 14990 
5 1 Control 6 8844 
3 2 Low 6 15710 
6 1 High 6 17186 
4 2 Control 7 11189 
1 1 Low 7 13275 
2 2 High 7 19355 
257 
 
5 1 Control 7 9558 
3 2 Low 7 17701 
6 1 High 7 22196 
4 2 Control 8 9172 
1 1 Low 8 12966 
2 2 High 8 16080 
5 1 Control 8 14864 
3 2 Low 8 12169 
6 1 High 8 27076 
 
 
 
 
Lys Block Treatment 8yrCumulative(kg/ha) 
4 2 Control 57507 
1 1 Low 85478 
2 2 High 109823 
5 1 Control 59865 
3 2 Low 91309 
6 1 High 132192 
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Chapter Four 
 
Soil Respiration as Affected by Broiler LitterApplication  
Rate from a Udult in the Ozark Highlands 
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Abstract 
In 2012, the United States produced 8.4 billion broiler chickens (Gallus gallus) and an 
estimated 10.1 to 14.3 million Mg of broiler litter (BL).  Arkansas’ production of 1 billion 
broilers in 2012 produced 1.2 to 1.7 million Mg of BL, the majority of which was concentrated 
in northwest Arkansas.  Broiler litter is commonly land applied to pastures to enhance yields of 
tall fescue (Lolium arundinaceum Shreb.) and other forages.  However, increased carbon dioxide 
(CO2) release from soils associated with agricultural practices has generated concerns regarding 
the contribution of certain agricultural management practices to global warming.  The objective 
of this study was to evaluate the effect of long-term (i.e., > 6 yr) BL application on soil 
respiration, temperature, and moisture to determine if soil temperature and moisture could be 
used to predict soil respiration in the Ozark Highlands region of northwest Arkansas.  Soil 
respiration from a Captina silt loam (fine-silty, siliceous, active, mesic Typic Fragiudult) was 
measured routinely between May 2009 and May 2012 in response to annual BL application rates 
of 0, 5.6 and 11.2 Mg dry litter ha-1 that began in 2003.  Annual BL amendments increased (P = 
0.05) annual DM production during the three year study.  Soil respiration varied (P < 0.01) with 
BL rate, sample date, and year.  Additions of BL stimulated respiration after application and 
rainfall events following dry-soil conditions also stimulated respiration in all years.  Soil 
temperature at the 2-cm depth (T2cm) varied (P < 0.05) with BL rate and year and was attributed 
to shading associated with increased dry matter (DM) production.  Soil temperature at the 10-cm 
depth (T10cm), 0- to 6-cm soil volumetric water content (VWC), and annual CO2-C emissions 
were unaffected (P > 0.05) by BL application rate, but differed (P < 0.01) among study years.  
Multiple regression indicated that soil respiration could be predicted using T2cm and the product 
of T2cm and VWC as predictors (R
2 = 0.52; P < 0.01).  Results indicate that organic amendments, 
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such as BL, can stimulate release of CO2 from the soil to the atmosphere, potentially negatively 
affecting atmospheric greenhouse gas concentrations; thus there may be application rates above 
which the benefits of organic amendments may be diminished by potential adverse 
environmental effects.  Furthermore, precipitation events following dry conditions may stimulate 
slow-phase decomposition of BL.  Improved BL management strategies are needed to lessen the 
loss of CO2 from BL-amended soils. 
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Introduction 
In 2012, the United States produced 8.4 billion broiler chickens (Gallus gallus; USDA-
NASS, 2013), most of which were concentrated in relatively small geographic regions.   Broiler 
production at this scale produces large quantities of waste, which is referred to as broiler litter 
(BL).  For example, Arkansas ranked third in the nation for production in 2012 with 1.0 billion 
broilers produced (USDA-NASS, 2013) and an estimated 1.2 to 1.7 million Mg of BL were 
generated (UADACES, 2002), the majority of which was concentrated in the Ozark Highlands 
region (Major Land Resource Area 116A; Scott and Ward, 2002; Brye et al., 2013) of northwest 
Arkansas.  Broiler litter is a mixture of excreta, feathers, feed, and bedding material, such as rice 
(Oryza sativa L.) hulls, saw dust, or straw.  Since, BL contains numerous plant nutrients, such as 
nitrogen (N), a common management practice in the Ozark Highlands is to land apply BL to 
pastures to increase yields of tall fescue (Lolium arundinaceum Shreb.) and other forages 
(Hileman, 1973; Huneycutt et al., 1988; Brye et al., 2010).  Similar management practices have 
occurred in the Ozark Highlands and other regions where intense broiler production occurs, 
sometimes resulting in decades of repeated litter applications.  
Anthropogenic activities, including land application of BL (Jones et al., 2005), can 
increase CO2 release to the atmosphere, thereby potentially increasing global warming (Forster et 
al., 2007) and promoting climate change (Trenberth et al., 2007).  Soil respiration, the combined 
product of CO2 release from soil microorganisms and plant roots, is influenced by agricultural 
management practices (Risch and Frank, 2010; Roberson et al., 2008; Brye et al., 2006b; Al-
Kaisi and Yin, 2005; Yamulki and Jarvis, 2002; Wagai et al., 1998; Linn and Doran, 1984) and is 
temporally (Ding et al., 2010; Grahmmer et al., 1990; Pingintha et al., 2010; Risch and Frank, 
2010; Ruehr et al., 2010; Brown et al., 2009; Brye and Riley, 2009; Jones et al., 2006; Davidson 
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et al., 1998) and spatially (Aiken et al., 1991) variable.  Soil moisture (Brown et al., 2009 ; Linn 
and Doran, 1984; Skopp et al., 1990) and temperature (Reth et al., 2009; Brye et al., 2006b; 
Fierer et al., 2006; Fang and Moncrieff, 2001) have also been shown to influence soil respiration.  
Additions of mineral fertilizers (Ding et al., 2010) and animal manures (Jones et al., 2005), 
including turkey (Meleagris gallopavo; Pengthamkeerati et al., 2005) and BL (Roberson et al., 
2008; Jones et al., 2006; Jones et al., 2005; Adams et al., 1997) have been reported to increase 
CO2 emissions from soil.  In general, additions of animal wastes result in increased carbon 
sequestration (i.e., carbon storage) within soil (Roberson et al., 2008; Jones et al., 2006; Jones et 
al., 2005) and if managed correctly could potentially off-set adverse effects associated with BL-
induced increases in CO2 release from the soil to the atmosphere.   
Additions of BL have been reported to increase soil respiration (Roberson et al., 2008; 
Jones et al., 2006; Jones et al., 2005; Adams et al., 1997).  Adams et al. (1997) explored the use 
of BL slurry to increase CO2 concentrations within closed-crop canopies as a way to increase 
crop photosynthesis.  In Scotland, soil respiration from a grassland was monitored in response to 
soil surface amendments of three organic manures (i.e., BL, cattle slurry, and sewage sludge 
pellets) and two inorganic fertilizers (i.e., urea and a compound containing ammonium nitrate) 
on a sandy clay loam soil (Jones et al., 2006; Jones et al., 2005).  Results from these studies 
suggest that BL amendment effects on soil respiration may be variable from year to year and that 
peak respiration rates may occur initially on an hourly scale but may be followed by later peaks 
that are on a weekly scale.  Brye et al. (2006a) evaluated the effects of BL type and application 
rate on soil respiration from two silt- loam soils used for rice production in eastern Arkansas and 
reported no difference in respiration among BL types.  Brye and Riley (2009) evaluated the 
effects of prairie restoration age on near-surface soil properties, including respiration, within the 
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Ozark Highlands in Benton County, Arkansas.  Important results demonstrated a temporal effect 
on soil respiration, although respiration did not vary by location (i.e., prairie restoration age or 
native prairie). 
Researchers have attempted to model soil respiration (Pingintha et al., 2010; Brye et al., 
2006b; Šimůnek and Suarez, 1993), but few, if any, have attempted to account for changes in soil 
respiration in response to BL amendments.  Soil moisture and temperature are the two most 
commonly used environmental factors used to predict soil respiration.  Soil moisture has been 
reported to be positively correlated (Pingintha et al., 2010; Brown et al., 2009), negatively 
correlated (Brye et al., 2006b; Jones et al., 2006), and uncorrelated (Ding et al., 2010; Brye et al., 
2006a; Al-Kaisi and Yin, 2005) to measured soil respiration rates.  Brye and Riley (2009) 
demonstrated a quadratic relationship between water- filled-pore-space (WFPS) and soil 
respiration in a series of prairie restorations in the Ozark Highlands with respiration being 
greatest at approximately 50 % WFPS.  Jones et al. (2006) reported two linear regressions 
relating soil respiration and soil moisture.  Soil temperature has been reported to be positively 
correlated to soil respiration (Ding et al., 2010; Ruehr et al., 2010; Brown et al., 2009; Brye et 
al., 2006a; Jones et al., 2006; Fang and Moncrieff, 2001) and variable by season (Ruehr et al., 
2010; Brown et al., 2009) and time of day (Davidson et al., 1998; Grahmmer et al., 1990; 
Phillips et al., 2010; Risch and Frannk, 2010; Ruehr et al., 2010).  Currently it is unknown if 
predictive models should account for BL application rates when estimating soil respiration.  
Broiler litter application to pasture soil has occurred for extended periods of time and will 
likely continue to occur in regions where broiler production occurs.  Although, organic 
amendments to soil have been shown to increase CO2 release to the atmosphere, which increases 
radiative forcing, few, if any, studies have examined the long-term (i.e., > 6 yr) effect of BL 
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amendments on soil respiration in non-cultivated soil.  Furthermore, prediction of soil respiration 
based on measurable environmental factors is needed for larger-scale models that are used to 
predict global climate changes.  Therefore, the objectives of this study were to 1) evaluate the 
effect of BL application rate on soil respiration, temperature, and moisture following 6, 7, and 8 
years of annual BL amendments and, 2) determine if soil temperature and moisture parameters 
are significant predictors of soil respiration from a silt- loam soil in the Ozark Highlands.   
It was hypothesized that annual amendments of BL would increase soil respiration, 
annual CO2-C emissions, and 3-yr cumulative CO2-C emissions relative to an unamended 
control.  Soil temperature and moisture were hypothesized to be unaffected by BL application 
rate.  The logic pertaining to the soil moisture hypothesis assumed that additions of BL would 
increase soil water holding capacity, but that increased water demand associated with increased 
DM production in littered treatments would offset any observable soil moisture differences.  It 
was also hypothesized that soil temperature would be positively correlated to respiration and that 
soil moisture would have a quadratic relationship with respiration.  It was also hypothesized that 
the best predictive model for soil respiration would include parameter coefficients for both soil 
temperature and moisture and that the moisture term would be quadratic.    
 
Materials and Methods 
Site Description 
Research was initiated in 2002 at the Agricultural Research and Extension Center in 
Fayetteville, Arkansas (36°05’49.18”N 94°10’44.65”W; elevation: 394.7 m; Pirani et al., 2006) 
in an area mapped as a Captina silt loam (fine-silty, siliceous, active, mesic Typic Fragiudult; 
USDA-NRCS, 2013).  Each of six field plots, 6-m long by 1.5-m wide, had a 5% west-to-east 
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slope, had a history of land-applied BL prior to 2002, and were initially chosen based on similar 
soil pH {6.2 [standard error (SE) = 0.5]} and high Mehlich-3 extractable P [210 (SE = 24) mg 
kg-1] in the top 5 cm (Pirani et al., 2006).  Soil particle-size distribution to a depth of 85 cm was 
determined with the soil textural class in the 0- to 10-cm depth interval confirmed to be silt loam 
with 63 % silt and 5.5 % clay (Pirani, 2005).  Pirani et al. (2006) also reported increasing clay 
content with increasing soil depth to 85 cm and a significant textural class change from silt loam 
to clay loam in the 65- to 85-cm depth interval.  Plots had previously been used in simulated 
runoff studies and were equipped with steel edging to prevent surface water runon as well as to 
channel runoff from within the plots to collection gutters positioned on the down-slope end of 
each plot.  Initially, tall fescue was the predominate ground cover (Pirani, 2005), but during the 
current study other species were more common {i.e., clover (Trifolium spp.), Johnson grass 
[Sorghum halepense (L.) Pers.] and Bermuda grass (Cynodon dactylon L.); McMullen, 2014a}.   
The 30-yr mean annual air temperature and precipitation in Fayetteville, AR are 13.9 °C 
and 123 cm, respectively (NOAA, 2013).  The average date of the first frost is October 17 and 
the average date of the last frost is April 15 (NOAA, 2013). 
Since field plots used in the current study had previously received organic amendments 
prior to 2002, concurrent and related studies (Brye and Pirani, 2006; Pirani et al., 2006; Pirani et 
al., 2007; Daigh et al., 2009; McDonald et al., 2009; Menjoulet et al., 2009; McMullen, 2014a, b) 
had previously addressed pre-treatment plot uniformity.  Three months prior to the initial BL 
application in 2003, precipitation, runoff, drainage, and dry matter (DM) were monitored and 
soil samples were collected (Pirani et al., 2006).  During this 3-mo period, precipitation was 98 
mm below the 30-yr normal for the area during the months of February, March, and April (Pirani 
et al., 2006).  The mean 3-mo cumulative runoff (Menjoulet et al., 2009), drainage at a depth of 
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90 cm (Pirani et al., 2006), and total DM production (Pirani et al., 2006) did not differ among 
pre-assigned BL treatments prior to the first BL application.  Additionally, mean runoff electrical 
conductively (EC) and flow-weighted-mean (FWM) runoff concentrations of NO3-N, NH4-N, 
dissolved organic carbon (DOC), As, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Se, and Zn did 
not differ among pre-assigned BL treatments during the 3-mo period (Menjoulet et al., 2009).  
Similarly, mean leachate pH, EC, and oxidation-reduction potential (ORP; Pirani et al., 2006) as 
well as FWM leachate concentrations and loads of DOC (Pirani et al., 2006), NO3-N, NH4-N, 
Ca, K, Mg, Na, and P (Pirani et al., 2007) and FWM leachate concentrations of Mn, Ni, and Zn 
(Pirani et al., 2006) at the 90-cm depth did not differ among pre-assigned BL treatments.  Soil 
pH, EC, and organic matter, total recoverable soil Cd, Cu, and Zn, and  Mehlich-3 extractable 
soil P, K, Ca, Mg, and Na concentration also did not differ among pre-assigned BL treatments 
for any 10-cm soil depth interval to a depth of 90 cm (Pirani et al., 2006; Pirani et al., 2007) prior 
to the first litter application in 2003.   
Considering the demonstrated pre-treatment similarities, plots in this study were assumed 
to be as uniform as reasonably could be expected based on the number of measured parameters 
that did not differ among pre-assigned BL treatments during the 3-mo period prior to the initial 
litter application in 2003 (Brye and Pirani, 2006; Pirani et al., 2006; Pirani et al., 2007; Daigh et 
al., 2009; McDonald et al., 2009; Menjoulet et al., 2009; McMullen, 2014a, b).  Furthermore, it 
was also assumed that any subsequent observed differences were due to the response of imposed 
BL treatments after 2003 rather than to inherent differences among experimental field plots 
(Pirani et al., 2006; Pirani et al., 2007; Menjoulet et al., 2009).   
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Experimental Design 
 A randomized complete block design with two replications was used to evaluate BL 
application rate effects on soil respiration.  Each of the six field plots received one of two BL 
application rates that were imposed annually as a single application.  A low (5.6 Mg dry litter ha-
1) and high (11.2 Mg dry litter ha-1) BL rate treatment were established based on the current 
University of Arkansas Cooperative Extension Service’s BL application recommendations when 
the study began in 2002 (Pirani et al., 2006).  Since then, Arkansas’ BL application 
recommendations have changed and are now based on the Phosphorus Index (DeLaune et al., 
2004a, b; DeLaune et al., 2006).  Despite the change in recommendations, BL treatment 
application rates remained unchanged throughout the study in order to maintain treatment 
consistency over time and to allow comparisons between related concurrent studies.  A control 
treatment received no annual BL or inorganic fertilizer.   
 
Broiler Litter Analyses and Application 
Starting in April 2003, BL was manually applied once annually to plots.  Subsequent 
annual applications occurred approximately the first week of May each year.  Litter application 
dates for the three years in which respiration measurements were conducted were May 7, 8, and 
10 in 2009, 2010, and 2011, respectively.  For the purpose of this study, a study year was 
designated as starting the day BL was applied in early May of one year and ending the day 
before BL was re-applied in the following calendar year.  The BL used throughout this study had 
been collected from a single chicken house after production of 6 to 8 flocks, had an age ranging 
from 12 to 18 months, and had bedding material composed of an equal mixture of sawdust and 
rice (Oryza sativa L.) hulls (Pirani et al., 2006).  Prior to application, BL moisture was 
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determined so dry-weight-equivalent amounts of BL could be calculated for each plot receiving 
BL.  At the time of application, three BL sub-samples were collected and characterized using 
procedures for manure analysis (Peters, 2003).  Litter pH and electrical conductivity were 
determined potentiometrically using a 1:2 BL-mass-to-water-volume mixture.  Litter NO3-N and 
NH4-N concentrations were determined using a Skalar San Plus automated wet chemistry 
analyzer (Skalar Analytical B.V., The Netherlands) after extraction with 2 M potassium chloride.  
Total C and N were determined by high-temperature combustion using a LECO CN-2000 
analyzer (LECO Corp., St. Joseph, MI).  Total Ca, Cu, Fe, K, Mg, Mn, Na, P, S, and Zn were 
determined by inductively coupled, argon plasma mass spectrometry (ICP; CIROS CCD model, 
Spectro Analytical Instruments, MA) after nitric acid digestion and treatment with hydrogen 
peroxide.  Similarly, ICP was used to determine total recoverable Al, As, Cd, Cr, Ni, and Se after 
being digested with nitric and hydrochloric acid, hydrogen peroxide, and heat (USEPA, 1996).   
 
Soil Characterization 
 Since field plots used in the current study had received annual BL amendments for six 
consecutive years prior to the current study and considering Daigh et al. (2009) had identified 5-
yr chemical changes associated with litter amendments in the same plots, it was necessary to 
quantify soil chemical properties prior to respiration measurements.  The day before BL 
application in 2009, four soil samples were collected to a depth of 10 cm and combined to form a 
single composite sample from each plot.  Sample-site voids were then filled with similar soil 
collected from the same depth outside the plot to eliminate preferential flow pathways within the 
plots.  Soil was then oven dried at 70 °C for 48 hr, crushed, and passed through a 2-mm sieve.  
Soil pH and EC were determined potentiometrically using a 1:2 soil- to-water mixture.  Soil 
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Mehlich-3 extractable nutrients (i.e., P, K, Ca, Mg, S, Na, Fe, Mn, Zn, and Cu) were determined 
using a 1:10 soil-to-extractant ratio (Tucker, 1992) and analyzed by ICP.  Soil organic matter 
(SOM) concentration was determined by weight- loss-on-ignition at 360 °C for 2 hr (Schulte and 
Hopkins, 1996). 
 
Soil Respiration, Temperature, and Moisture Measurements  
Beginning in May 2009, soil respiration was measured weekly between April and mid-
November and periodically between mid-November and the beginning of March using a portable 
infrared gas analyzer (LI-6400 Portable Photosynthesis System fitted with a LI-6400-09 Soil 
CO2 Efflux Chamber; LI-COR Biosciences, Lincoln, NE) during a 3-yr period.  Similar to 
procedures described in Brye et al. (2006a) and Brye and Riley (2009), three sections of thin-
walled polyvinyl chloride (PVC) pipe (interior diameter = 10.1 cm; height = 5.0 cm) were 
inserted into the soil in each plot to a depth of 2.5 cm.  The soil collars were used to support the 
analyzer’s soil chamber during respiration measurements.  Collars were moved within plots 24 
hrs prior to measurements every two weeks throughout the study.  Collar positions transected 
each plot along the slope with a spacing of 0.5 to 1.5 m between collars during study year 2009 
and a spacing of 0.5 m thereafter.  Transect position was randomly determined each time collars 
were moved with collar position within a plot being identical in all plots for a given sample date.  
All green vegetation was removed by cutting with scissors 20 to 30 min prior to measurements.  
The vented, closed-chamber system used a pump and soda lime CO2 trap to lower chamber CO2 
concentrations below ambient atmospheric concentrations (AAC).  Measurements were made as 
the chamber CO2 concentration increased from 10 ppm below AAC to 10 ppm above AAC in 
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response to soil respiration.  An in- line desiccant removed water vapor that could interfere with 
measurements (McDermitt et al., 1993).  
Soil temperature was measured at the 2- (T2cm) and 10-cm (T10cm) depth using a pencil-
type thermometer adjacent to each soil collar during respiration measurements.  Additionally, 
soil volumetric water content (VWC) was measured in the 0- to 6-cm depth interval using a 
Theta Probe (Theta Probe ML2x and HH2 Moisture Meter; Delta-T Devices, Cambridge, 
England).   
 
Plot Management 
Plots were regularly monitored and maintained.  Above-ground biomass was cut to a 
height of 9 cm using a bagging push mower four times (i.e., first week of May, June, July, and 
September) annually.  Prior to mowing each year, two randomly selected, 0.25-m2 biomass 
subsamples were hand-collected and combined to form one sample from each plot.  Samples 
were dried at 55 °C for 5 d in a forced-air drier and weighed for dry matter (DM) determination.  
Above-ground DM production was summed annually.   
Precipitation was also monitored by two on-site rain gauges.  A simple funnel-reservoir 
system collected precipitation and a micrometeorological weather station monitored wind speed, 
air temperature, relative humidity, total solar radiation, photosynthetically active radiation, and 
rainfall via a tipping bucket every 30 min.  
 
Calculations 
For statistical analyses, triplicate soil respiration, T2cm, T10cm, and VWC measurements 
within each plot were averaged to yield a composite measurement for each of the measured 
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variables for each plot on each sample date.  Additionally, estimated cumulative carbon (CO2-C) 
emissions per plot were calculated by integration of the area under the curve created by plotting 
soil respiration over time.  Similarly, annual and 3-yr cumulative CO2-C emissions were 
calculated for each plot. 
 
Statistical Analysis 
Analysis of variance (ANOVA) was used to evaluate BL application rate effects on initial 
soil characteristics, annual DM production, annual CO2-C emissions, and 3-yr cumulative CO2-C 
emissions using the PROC MIXED procedure in SAS (version 9.2, SAS Institute Inc., Cary, 
NC).  When appropriate, study year was included in the analyses to evaluate study year effects 
on dependent variables.  Since sample dates differed across study years, an ANOVA based on a 
split-split plot design with sample date within study year was used to evaluate BL application 
rate, sample date within year, and study year effects on soil respiration, T2cm, T10cm, and VWC 
with blocks treated as a random variable.  When appropriate, means were separated using a 
protected least significant difference (LSD) at α = 0.05.  Pearson’s linear correlation analysis 
using the PROC CORR procedure in SAS and regression analysis using JMP (version 9.0.0, SAS 
Institute, Inc.) were conducted to explore the relationships between soil respiration and T2cm, 
T10cm, VWC, their quadratic terms, and related interactions. 
 
Results and Discussion 
Initial Soil Characteristics  
The day prior to BL application in 2009, soil pH, EC, and Mehlich-3-extracable Ca, Mg, 
S, Na, Fe, Mn, and Zn concentrations did not differ (P > 0.05) among BL treatments in the top 
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10 cm.  Averaged over litter treatment, mean soil pH was 6.88 (SE = 0.04) and EC was 0.12 (SE 
= 0.01) dS m-1.  Similarly, averaged over litter treatments, mean soil Mehlich-3-extracable Ca, 
Mg, S, Na, Fe, Mn, and Zn concentrations were 1387 (SE = 88), 168 (SE = 22), 14.0 (SE = 0.7), 
12.9 (SE = 1.4), 206 (SE = 7), 183 (SE = 7), and 19.8 (SE = 3.1) mg kg-1, respectively.  
However, as somewhat expected, SOM and Mehlich-3-extracable P, K, and Cu concentrations 
differed (P < 0.05) among BL treatments in the top 10 cm.  Mean SOM concentrations were 3.1, 
4.3, and 3.8 % in the unamended control, low- and high-BL treatments, respectively, with the 
control differing from the low-BL treatment, while the high-BL treatment was similar to both the 
control and low-BL treatments.  Daigh et al. (2009) reported similar SOM results in a concurrent 
5-yr study in the top 10 cm with the low- and high- litter treatments being similar and increasing 
29 % while the unamended control SOM did not change during the 5 yrs.  Daigh et al. (2009) 
also reported that the SOM was similar among BL treatments and did not change during the 5-yr 
period at soil depths greater than 10 cm.  Six consecutive years of annual BL amendments 
increased mean soil Mehlich-3-extracable P, K, and Cu concentrations in the low- and high-BL 
treatments relative to the unamended control.  Mean soil-P concentrations were 156, 310, and 
411 mg kg-1 in the control, low-, and high-BL treatments, respectively.  Mean soil-K 
concentrations were 116, 206, and 235 mg kg-1 in the control, low-, and high-BL treatments, 
respectively.  Mean soil-Cu concentrations were 4.1, 10.4, and 12.3 mg kg-1 in the control, low-, 
and high-BL treatments, respectively. 
Additionally, soil respiration, temperature, and VWC were measured the day prior to BL 
application in 2009.  Similar to other soil properties, soil respiration, T2cm, T10cm, and VWC did 
not differ (P > 0.05) among BL treatments.  Averaged over BL treatments, mean soil respiration 
was 11.5 (SE = 1.6) µmol CO2 m
-2 s-1, mean T2cm and T10cm were 22.2 (SE = 0.5) and 17.9 (SE = 
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0.1) °C, respectively, and mean VWC was 0.39 (SE = 0.02) cm3 cm-3.  These results suggest that 
six consecutive years of continuous management and at 364 DPBL soil respiration, temperature, 
and VWC were similar among BL treatment conditions.  
 
Broiler Litter Composition 
 The mean annual composition of the BL used throughout the 9-yr study was 35.7% C, 
4.3% N, 3.7% Ca, 3.5% K, and 2.2% P on a dry-weight basis and had 25% moisture by mass 
when applied (Table 4-1).  Similar BL compositions have been reported by other researchers 
(Kleinman et al., 2005; Brock et al., 2007; Adams et al., 1997; Agele et al., 2004).  The mean 
annual BL C:N ratio was 8.2 averaged over the 9-yr period and suggested that BL decomposition 
by soil microorganisms would have been relatively quick with a likely net increase in soil N 
levels that would have promoted plant growth.  During the three years when respiration was 
monitored, BL moisture, EC, NO3-N, NH4-N, and total P, Ca, Mg, S, Na, Mn, Zn, Cu, Ni, Cd, 
and Cr concentrations did not differ (P > 0.05) among study years (Table 4-1).  However, annual 
BL composition differed (P < 0.05) by study year for litter pH and total C, N, K, Al, Fe, B, As, 
and Se (Table 4-1).  Although BL composition differences over time were not unexpected, 
differences in BL total N and C contents may influence respiration.  The C:N ratios for study 
years 2009, 2010, and 2011 were 8.4, 8.1, and 9.4, respectively, with the 2011 C:N ratio 
differing (P < 0.01) from 2009 and 2010, which were similar to each other.  
 
Dry Matter Production 
Annual above-ground DM production ranged from a low of 7.4 Mg ha-1 in the 
unamended control in 2011 to a high of 21.6 Mg ha-1 in the high- litter treatment in 2010 when 
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above average annual precipitation occurred.  During the 3-yr study, annual precipitation at the 
study site averaged 1260 (SE = 138) mm, which was 2.3% above the 30-yr mean annual 
precipitation for Fayetteville, AR (1232 mm; NOAA, 2013).  Annual precipitation was 1033, 
1508, and 1239 mm during 2009, 2010, and 2011, respectively.  Similar to previous studies 
(Huneycutt et al., 1988; Brye et al., 2010) and as would be expected, additions of BL increased 
DM relative to the unamended control (P = 0.05).  Averaged over the 3-yr study, annual DM 
production was 9.9, 12.3, and 18.4 Mg ha-1 for the unamended control, low- and high-BL 
treatments, respectively, with DM being greater in the high-BL treatment relative to the control, 
and the low-BL treatment being similar to both the control and high. During the first six years 
following the initial BL application and before the current study, Brye et al. (2010) reported that 
DM production increased over time for both the low- and high-BL treatments, while DM in the 
unamended control did not change over time.  In a concurrent study spanning 8 years, McMullen 
(2014a) reported no difference in annual DM production from 2008 to 2010, presumably due to 
shifts in plant species that yielded greater biomass.  McMullen (2014a) also reported that annual 
DM and annual precipitation were positively correlated (r = 0.45, P < 0.01) at this location 
during the 8-yr period ending May 10, 2011.   
 
Soil Respiration Rates 
Of the 100 samples dates during the 3-yr study, respiration ranged from a low of 0.7 
µmol CO2 m
-2 s-1 on 124 DPBL in fall 2011 in the low-BL treatment to a high of 30.7 µmol CO2 
m-2 s-1 on 5 DPBL in summer 2010 in the high-BL treatment (Figure 4-1).  Similar to Ussiri and 
Lal (2009), soil respiration rates had seasonal patterns and were greater in the summer (i.e., May 
to July) and lower in the winter (i.e., November to January) seasons.  Soil respiration rates 
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peaked immediately after BL application in littered treatments in all three study years.  Similarly, 
soil respiration rates also peaked following rain events that increased soil VWC (Figure 4-2) 
following dry periods and was most pronounced in littered treatments.  Averaged over BL 
treatment and sample date, mean annual respiration was 8.0, 7.8, and 6.4 µmol CO2 m
-2 s-1 in 
2009, 2010, and 2011, respectively, with 2011 respiration being lower (P < 0.01) than 2009 and 
2010, which were similar to each other.  Similar to soil respiration ranges, daily measurements 
and annual differences in respiration have been reported from silt- loam soils in eastern Arkansas 
(Motschenbacher, 2012; Smith, 2013).  Smith (2013) reported a soil respiration range of 0.17 to 
40.7 µmol CO2 m
-2 s-1 during two growing seasons in a wheat- (Triticum aestivum L.) soybean 
[Glycine max (L.) Merr.], double-crop production system.  Motschenbacher (2012) reported the 
largest soil surface CO2 flux of 9 µmol CO2 m
-2 s-1 in a rice- (Oryza sativa L.) soybean (Glycine 
max L.) rotation, under no-tillage conditions, during a soybean growing season.   
Soil respiration differed among BL application rates across sample dates within years (P 
< 0.01) and differed among years (P < 0.01; Table 4-2; Figure 4-1).  Comparing BL application 
rate effects on individual sample dates, BL treatment effects were observed on 34, 18, and 29 % 
of all sample dates within a given year in 2009, 2010, and 2011, respectively (Figure 4-1).  
Broiler litter treatment effects were observed on the first two sample dates following BL 
application in all three years and persisted until 49, 26, and 15 DPBL in 2009, 2010, and 2011, 
respectively.  Additionally, 18 of the 27 dates when BL treatment effects were observed 
throughout the study occurred during the summer within 84 DPBL.  The remaining treatment 
effects were observed again in fall 2009 and fall and spring 2011 (Figure 4-1).  Twenty-five of 
the 27 dates when BL treatment effects were observed had a similar respiration pattern with 
annual amendments of BL increasing respiration relative to the unamended control.  This pattern 
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differed during the summers of 2009 and 2010 on 70 and 46 DPBL, respectively, when soil 
respiration from the low-litter treatment was lower than that from the unamended control and 
high- litter treatments.  Since T2cm, T10cm, and VWC never differed (P > 0.05) among BL 
treatments on any given sample date during the 3-yr study (Table 4-2; Figure 4-2), it was 
assumed that these environmental factors were consistent among litter treatments on any given 
sample date and thus, differences in soil respiration within a sample date must be due to 
microbial or plant root respiration associated with BL application rate.  Since measurements 
occurred during the day it may also be assumed that root respiration would be minimal with the 
exception of overcast days when increased root biomass associated with increased BL 
application rate might increase root respiration in the littered treatments relative to the control.  
Therefore, the observed differences in soil respiration among litter treatments within a given 
sample date must be related to BL-related-C oxidation by soil microorganisms.   
Similar to soil respiration, soil temperature at the 2-cm depth differed among sample 
dates within study years (P < 0.01; Table 4-2; Figure 4-2) and differed among BL application 
rate within study years (P < 0.05; Table 4-2; Figure 4-3).  During the 3-yr study, T2cm ranged 
from a low of 4.3 °C on 210 DPBL during winter 2009 to a high of 36.5 °C on 80 DPBL during 
the end of summer 2011 (Figure 4-2).  Averaged over sample date, mean annual T2cm was lower 
in all BL treatments in 2009 than in 2010 or 2011 (Figure 4-3).  In 2009 and 2010, T2cm was 
lower in the high- litter treatment relative to the unamended control, possibly because increased 
DM production may have increased soil shading, thus reducing near-surface soil temperatures.  
In 2011, T2cm was similar among all BL treatments.  Although mean annual respiration in 2009 
and 2010 (8.0 and 7.8 µmol CO2 m
-2 s-1, respectively) were similar (P > 0.05), mean annual T2cm 
differed among the two years (P < 0.01, Figure 4-3) and as mean annual T2cm increased from 
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2010 to 2011, mean annual soil respiration decreased (P < 0.01) to 6.4 µmol CO2 m
-2 s-1, 
suggesting that as a warming climate increases mean annual near-surface soil temperature to 
approximately 22 °C, significant reductions in annual soil respiration can be expected.  
In contrast to T2cm, T10cm was unaffected by BL application rate (P > 0.05), but similar to 
T2cm, T10cm differed among sample dates within study years (P < 0.01; Table 4-2; Figure 4-2).  
During the 3-yr study, T10cm ranged from a low of 3.8 °C on 250 DPBL during winter 2011 to a 
high of 33.8 °C on 96 DPBL during fall 2011.  Similar to T2cm and averaged over sample date, 
mean annual T10cm differed each year (P < 0.01) and averaged 17.8, 19.2, and 19.4 °C for 2009, 
2010, and 2011, respectively.  As expected, soil temperature at both the 2- and 10-cm depths 
were greatest during the late summer or early fall, then decreased during the fall, were lowest 
during the winter when soil respiration was also lowest, and finally increased during the spring.  
As expected, soil temperatures at the two depths were highly correlated (r = 0.97; P < 0.01) and 
followed similar sinusoidal patterns with T10cm lagging behind T2cm (Figure 4-2). 
Similar to reports by other researchers (Ding et al., 2010; Ruehr et al., 2010; Brown et al., 
2009; Brye et al., 2006a; Jones et al., 2006; Fang and Moncrieff, 2001) soil respiration was 
positively (P < 0.01) correlated to both T2cm (r = 0.49; Table 4-3) and T10cm (r = 0.52).  Although 
the correlation reported in the current study includes a 3-yr period, other researchers have 
reported this relationship to vary by season (Ruehr et al., 2010; Brown et al., 2009) and time of 
day (Ruehr et al., 2010).  Diurnal hysteresis effects have also been observed (Pingintha et al., 
2010; Ruehr et al., 2010) and differ by time of year (Ruehr et al., 2010) and soil depth (Pingintha 
et al., 2010).  In a study of prairie restoration age affects on near-surface soil properties in 
northwest Arkansas, Brye and Riley (2009) reported a temporal effect on soil surface CO2 flux 
and a positive correlation between CO2 flux and soil temperature at both 2- and 10-cm depths.  
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Similarly, positive correlations between respiration and soil temperature have been reported in 
cultivated and non-cultivated row-crop ecosystems in eastern Arkansas (Motschenbacher, 2012; 
Smith, 2013).  Additionally, nonlinear relationships have also been used to explain soil 
respiration using soil temperature variations (Ruehr et al., 2010; Brown et al., 2009; Jones et al., 
2006; Fang and Moncrieff, 2001; Lloyd and Taylor, 1994).   
Similar to T10cm, soil VWC in the top 6 cm was unaffected by BL application rate (P > 
0.05), but differed among sample dates within study years (P < 0.01; Table 4-2; Figure 4-2).  
During the 3-yr study, VWC ranged from a low of 0.03 m3 m-3 during late summer and early fall 
2010 and 2011to a high of 0.41 m3 m-3 on 15 DPBL during summer 2011 (Figure 4-2), which 
also corresponded to the third highest BL-induced respiration rate observed during the 3-yr study 
(Figure 4-1).  Averaged over BL treatment, mean annual VWC was 0.27, 0.20 and 0.19 m3 m-3 
for study years 2009, 2010, and 2011, respectively, and differed (P < 0.01) among all years, with 
the driest year of 2011 also being the year with the least precipitation, highest mean annual T2cm 
and T10cm, and lowest mean annual soil respiration.  Additionally and as expected, VWC varied 
by sample date within study year (P < 0.01), but did not differ among litter treatments either 
annually (P > 0.05) or on any given sample date (P > 0.05), suggesting that additions of BL did 
not influence soil moisture holding capacity.   
Similar to other researchers (Ding et al., 2010; Brye et al., 2006a; Al-Kaisi and Yin, 
2005), VWC was not correlated (P > 0.05) to soil respiration.  Additionally, respiration was not 
correlated (P > 0.05) to the quadratic VWC term as hypothesized (Table 4-3).  In contrast, other 
researchers have reported both positive (Pingintha et al., 2010; Brown et al., 2009) and negative 
(Brye et al., 2006b; Jones et al., 2006) correlations between soil moisture and soil respiration.  
Brye and Riley (2009) reported a quadratic relationship between WFPS and soil respiration with 
279 
 
respiration being greatest at 50% WFPS, while Jones et al. (2006) reported two linear regressions 
relating soil respiration and soil moisture.  Jones et al. (2006) first used a positively correlated 
(R2 = 0.30) regression line when VWC ranged between 0.1 and 0.3 m3 m-3, then used a 
negatively correlated (R2 = 0.12) regression line when VWC exceeded 0.3 m3 m-3 (Jones et al., 
2006).  Similarly, Linn and Doran (1984) reported microbial activity to be water- limited when 
WFPS was less than 60 % and to be oxygen- limited when WFPS exceeded 60 %.  In general, 
soil microbial activities, including respiration, have an optimal soil moisture range.  At low soil 
moisture, nutrient diffusion to soil microbes may limit respiration.  At very low soil moisture, 
internal osmotic regulation within soil microbes may limit respiration and at extreme levels, cell 
lysis may occur, thus decreasing soil respiration.  On the other hand, at high soil moisture, 
diffusion of O2 to soil microbes may limit respiration and at extreme moisture, microbes may be 
forced to utilize other terminal electron acceptors due to the lack of oxygen or die, thus reducing 
soil respiration once again.   
As expected, VWC increased after precipitation events (Figure 4-2).  Soil respiration also 
tended to increase after precipitation, especially among littered treatments.  Precipitation- induced 
peak respiration was observed during the current study in late summer through early fall 2009, in 
late summer and mid- and late- fall 2010, and again in early and late fall 2011 (Figures 4-1 and 4-
2).  Similar precipitation- induced peak respiration has been reported by other researchers using 
laboratory incubation studies (Fierer and Schimel, 2003; Lee et al., 2004; Xu et al., 2004) and in 
situ soil measurements (Chen et al., 2008; Davidson et al., 1998; Motschenbacher, 2012; 
Roberson et al., 2008; Smith, 2013; Xu et al., 2004).  Additionally, ecosystem respiration has 
been reported to increase after precipitation events using eddy covariance measurements (Lee et 
al., 2004; Xu et al., 2004).   
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Chen et al. (2008) reported increased soil respiration with as little as 5 mm of simulated 
precipitation one day after treatment in both grazed and ungrazed steppes in a semiarid region of 
China.  The magnitude of the precipitation- induced peak respiration rate increased with 
increased precipitation in the ungrazed treatment with the greatest peak rate occurring with 100 
mm of precipitation (Chen et al., 2008).   Although treatments receiving 5 mm of precipitation 
increased respiration one day after treatment, precipitation amounts of 50 and 100 mm still had 
greater soil respiration 11 d-post-precipitation relative to the control, which received no 
precipitation (Chen et al., 2008).  Chen et al. (2008) concluded that rain events > 10 mm 
increased soil respiration rates and that grazing had no affect on precipitation- induced peak 
respiration.  Similar results were observed in an incubation study, where Xu et al. (2004) 
reported that as soil gravimetric water content decreased from 0.3 to 0.1 g g-1, incubation half-
life (i.e., the number of days for a 50 % reduction in respiration) increased from 19 to 61 d, 
respectively.  Xu et al. (2004) interpreted these results as evidence that soil microbes were 
consuming a relatively labile C pool after rain events.  In an incubation study using 14C-labeled 
glucose, Fierer and Schimel (2003) suggested that the moisture- induced CO2 emission pulse was 
from the mineralization of microbial biomass-C; although, no evidence of microbial cell lysis 
was observed upon rewetting of dry soil.  
Of the 27 sample dates on which BL treatment effects on soil respiration were observed, 
eight sample dates coincided with precipitation- induced peak respiration.  If the first two or three 
sample dates after litter application in each year when litter effects were observed were due to 
the rapid and intermediate phases of BL decomposition as described by Gale and Gilmore 
(1986), then that leaves 19 sample dates where litter effects were observed, of which 8 were 
associated with precipitation- induced peak respiration.  These results suggest that the slow phase 
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of decomposition (Gale and Gilmore, 1986) of BL may be stimulated by precipitation events.  
Furthermore, and as suggested by Fierer and Schimel (2003), the increase in soil respiration after 
precipitation observed in the current study may be related to the release of physically protected 
SOM upon re-wetting.  As previously mentioned, six consecutive years of annual BL 
applications prior to respiration measurements in the current study resulted in increased SOM in 
the low-litter treatment relative to the unameneded control.  It is likely that the source of C 
released as precipitation-induced peak respiration originates from this BL-induced increase in 
SOM. 
Previous researchers have reported increased soil respiration after BL application to a 
temperate grassland (Jones et al., 2006), increased CO2 efflux in a conventional tillage system 
after BL application at a rate of 100 kg N ha-1 (Roberson et al., 2008), increased CO2 flux at 15 
DPBL in eastern Arkansas from a silt loam (Brye et al., 2006a), and increased CO2 efflux after 
incorporation of turkey (Meleagris gallopavo) litter to a depth of 15 cm and left fallow 
(Pengthamkeerati et al., 2005).  These results in conjunction with the results of the current study 
suggest that amendments of BL increase soil respiration for at least two weeks after application 
and maybe longer depending on the year.  In a laboratory mineralization study of BL ( i.e., litter-
pine shavings mixture, similar to that used in the current study) conducted at 25 °C, Gale and 
Gilmore (1986) reported all but 1.5 % of the C added in BL was evolved as CO2 by the end of 
the rapid phase of decomposition, which occurred between 5.9 to 7 DPBL application.  
Additionally, Gale and Gilmore (1986) reported that 1.4 % of the added C remained after 14 
DPBL when the end of the intermediate phase of decomposition occurred.  Other researchers 
(Jones et al., 2005; Adams et al., 1997) have also reported increased soil respiration with 
additions of BL. 
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Adams et al. (1997) attempted to increase photosynthesis within closed crop canopies by 
increasing canopy CO2 concentrations with amendments of BL slurry.  Five slurry treatments 
and a control receiving water were imposed on artificially packed soil columns.  Adams et al. 
(1997) reported a 3- to 8.5-hr lag time between when BL slurry was added and when elevated 
respiration commenced.  Repeated applications of slurry increased the time before respiration 
commenced and was presumably related to soil crusting (Adams et al., 1997).  Litter slurry 
inoculated with fresh BL slurry and aged for seven days had the shortest time period before 
respiration commenced, the greatest respiration rate, and the greatest total amount of cumulative 
CO2 released when compared to all other treatments.  
During a 3-yr study in Scotland, CO2 production from a grassland was monitored in 
response to three organic manures (BL, cattle slurry and sewage sludge pellets) and two 
inorganic fertilizers (urea and a compound containing ammonium nitrate) applied to the soil 
surface (Jones et al., 2006; Jones et al., 2005).  Soil respiration responded similarly among 
inorganic fertilizers and the unamended control (Jones et al., 2006; Jones et al., 2005).  During 
the first two years, cattle slurry and BL had greater cumulative soil respiration relative to the 
control (Jones et al., 2005), but were similar to the control in the third year (Jones et al., 2006).  
Sewage sludge pellets increased cumulative soil respiration only during the second year (Jones et 
al., 2005).  During the first two years, the greatest respiration rates were from BL and sludge 
pellets which occurred during the summer, within a month of treatment application (Jones et al., 
2005).  These results, in conjunction with the results of the current study, suggest that BL 
amendment effects on respiration may be variable from year to year.   
Brye et al. (2006a) evaluated the effects of fresh and pelletized BL applied at five 
different application rates on soil respiration from two silt- loam soils used for rice production in 
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eastern Arkansas.  Brye et al. (2006a) reported no difference in respiration among BL types, but 
observed differences among locations.  Additionally, Brye et al. (2006a) reported that BL 
application rate had no effect on soil respiration, except for on the first sample date 15 d after 
litter application when respiration increased as BL application rate increased.  Although Brye et 
al. (2006a) suggested that the BL application rate effect could have been related to tillage, their 
results were similar to those reported in the current study, with treatment effects occurring 
shortly after BL application and then becoming less prominent over time within the same 1-yr 
period.   
 
Cumulative Carbon Emissions 
Within 50 days after litter application each year, marked increases in CO2-C emissions 
were observed (Figure 4-4).  Similar increases occurred again during mid- to late-spring as 
warmer temperatures stimulated soil respiration.  In contrast to Jones et al. (2005, 2006), 
estimated annual CO2-C emissions were unaffected (P > 0.05) by BL application rate or the 
interaction between BL application rate, but differed (P < 0.01) among study years.  Averaged 
over BL treatments, estimated annual CO2-C emissions differed each year and averaged 24.9, 
21.7, and 20.2 Mg CO2-C ha
-1 for 2009, 2010, and 2011, respectively.  As would be expected, 
2009, the year with the greatest estimated annual CO2-C emissions, was also the year when mean 
annual respiration averaged over BL treatment and sample date was the greatest.  Though 
somewhat unexpected, 2009 was also the year with the coolest soil temperatures and largest soil 
VWC.  In general, wetter, cooler soils are associated with reduced respiration and increased soil 
organic matter, but it appears that soil VWC and temperature combinations throughout 2009 
were more optimal for microbial activity than that in the other two years.    
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In contrast to the current study, annual CO2-C emissions from a temperate grassland have 
been reported to increase with BL amendments relative to an unamended control on a sandy clay 
loam in Scotland (Jones et al., 2005, 2006).  Jones et al. (2006) reported annual CO2-C emissions 
from an unamended control to be 7.0, 9.2, and 5.6 Mg CO2-C ha
-1 while emissions from the BL-
amended treatment was 11.5, 13.8, and 7.0 Mg CO2-C ha
-1 for 2002, 2003, and 2004, 
respectively.  The annual CO2-C emissions reported in the current study were twice that reported 
by Jones et al. (2006).  However, Brown et al. (2009) reported 19.5 Mg CO2-C ha
-1 for the 
growing season from a grazed pasture in New Zealand and Mielnick and Dugas (2000) reported 
14 Mg CO2-C ha
-1 for the entire year from a tallgrass prairie.  Annual CO2-C emissions have 
been reported from 4.0 to 12.5 Mg CO2-C ha
-1 for forest ecosystems (Phillips et al., 2010; Ruehr 
et al., 2010) and from 0.3 to 9.2 Mg CO2-C ha
-1 for agricultural ecosystems (Ding et al., 2007; 
Ding et al., 2010; Meijide et al., 2009; Motschenbacher, 2012; Smith, 2013; Ussiri and Lal, 
2009). 
Estimated 3-yr cumulative CO2-C emissions were unaffected (P = 0.07) by BL 
application rate.  However, a numeric increasing trend in 3-yr cumulative CO2-C emissions was 
observed with increased BL application rate.  Three year cumulative CO2-C emissions were 57.5 
(SE = 1.9), 67.0 (SE = 1.2), and 75.6 (SE = 2.3) Mg CO2-C ha
-1 for the unamended control, low- 
and high- litter treatments, respectively, which were similar to each other.  Averaged over BL 
treatments, 3-yr CO2-C emission was 66.7 (SE = 3.4) Mg CO2-C ha
-1. 
Treating BL as a continuous variable and applying simple regression techniques to annual 
cumulative CO2-C emissions and not treating blocks as a random variable resulted in a 
significant (P < 0.01, R2 = 0.52) relationship with a y- intercept (19.2 Mg CO2-C ha
-1) that 
differed from zero (P < 0.01).  The y-intercept of the relationship between BL application rate 
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and annual CO2-C emission represents the mean annual C lost from the unamended control 
during the 3-yr study and is a reasonable estimate of C loss from a similar silt- loam under similar 
management and climatic conditions.  The slope of the relationship suggested that for every Mg 
of BL (dry weight basis) ha-1 added to soil annually would increase annual CO2-C emissions by 
0.537 (SE = 0.128) Mg ha-1.  Since the mean 3-yr C content of the BL used in this study was 
only 34.8 % (Table 4-1), the addition of BL appears to have stimulated soil respiration in excess 
of the amount of C added as BL.  This excess amount of C loss may be from plant root 
respiration associated with BL-induced increases in below-ground root biomass. 
During 2009 and 2010, the 2-yr cumulative BL-derived-C added to the soil was 3.9 and 
7.8 Mg ha-1 in the low- and high-BL treatments, respectively (Table 4-4).  Although 
environmentally important to surface and groundwater quality, C losses as runoff and drainage 
below the 90-cm soil depth were minimal relative to C stored in harvested DM or as CO2 
released to the atmosphere.  Although considered a loss from the pasture ecosystem, harvested 
DM may be considered a C storage mechanism relative to the atmosphere.  By assuming 43.3 % 
C concentration for harvested DM (Sanaullah et al., 2014; Niknahad-Gharmakher et al., 2012; 
Bélanger et al., 1994), 9.7, 12.1, and 22.5 Mg of DM-C ha-1 was stored in the unamended 
control, low- and high-BL treatments, respectively, during the 2-yr period (Table 4-4).  Annual 
amendments of BL increased DM-C storage by 1.3 and 2.3 times the control values in the low- 
and high- litter treatments, respectively.  Jones et al. (2006) reported a 2.6 times increase over the 
unamended control when BL was applied at a rate of 300 kg N ha-1 yr-1.  For comparison, the 
current study applied BL at a rate of 241 and 482 kg N ha-1 in the low- and high- litter treatments, 
respectively, in both 2009 and 2010.  Similar to DM-C storage, increased BL application rate 
also increased soil respiration.  By subtracting DM-C storage and BL-C soil input from CO2-C 
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emission, the net release of C to the atmosphere was 30.4, 30.9, and 22.2 Mg C ha-1 in the 
unamended control, low- and high-BL treatments, respectively, during the 2-yr period.  These 
results suggest that BL-induced DM production may reduce net C release to the atmosphere.  
Additionally and as previously reported in the current study, six consecutive years of BL 
application in the low-litter treatment increased SOM relative to the unamended control prior to 
2009.  These results indicate that organic amendments, such as BL, can stimulate the release of 
CO2 from soil to the atmosphere, but that the potentially negative effect to the atmosphere 
greenhouse gas concentration may be offset by increased DM production.  Furthermore, since 
SOM at the highest litter rate was similar to the control and because soil surface application of 
BL can adversely affect the environment it is possible that there may be BL application rates 
above which the benefits of organic amendments may be diminished by potential adverse 
environmental effects.  Addiontally, alternative BL management stratagies may lessen CO2 loss 
from the soil.  Incorporation of BL similar to Pote et al. (2003) to a depth of 8 cm using a knife 
might reduce CO2 release at the soil surface.  Pote et al. (2003) reported that incorportation of 
BL reduced NH4-N loss during the first simulated and first natural runoff events following litter 
application relative to surface applied BL (5.6 Mg BL ha-1).  Pote et al. (2003) attributed the 
reduction in NH4-N to favorable soil conditions that promoted nitrification.     
 
Respiration Dependence on Temperature and Moisture 
 Although BL application rate and sample date affected respiration, they were eliminated 
from the predictive model development process with the rationale that the predictive equation 
should be based solely on environmental factors so as to facilitate universal application.  
Respiration was positively (P < 0.01) correlated with T2cm (r = 0.49; Table 4-3), T10cm (r = 0.52; 
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data not shown), the T2cm quadratic term (r = 0.42), and the term representing an interaction 
between T2cm and VWC (r = 0.60).  In contrast, respiration was uncorrelated (P > 0.05) with 
VWC or its quadratic term.  Similar correlations have been reported by other researchers for so il 
temperature (Ding et al., 2010; Ruehr et al., 2010; Brown et al., 2009; Brye et al., 2006a; Jones et 
al., 2006; Fang and Moncrieff, 2001) and VWC (Ding et al., 2010; Brye et al., 2006a; Al-Kaisi 
and Yin, 2005).  Since T2cm and T10cm were highly correlated with one another (r = 0.97; P < 
0.01), T10cm was excluded as a model parameter in order to avoid the occurrence of 
multicollinearity (also called collinearity or intercorrelation) within the finished model.   
When combined across BL treatments, sample dates, and study years (i.e., the all-
treatments model), T2cm and the interaction between T2cm and VWC explained 52 % of the 
variation in observed respiration (P < 0.01; Table 4-5).  The predictive expression,  
   Rs = -3.45 + (0.28 x T2cm) + (1.25 x T2cm x VWC)   [4-1] 
related soil 2-cm temperature (T2cm, °C) and 0- to 6-cm volumetric water content (VWC, m
3 m-3) 
to soil respiration (Rs, µmol CO2 m
-2 s-1).  Although the overall model and regression coefficient 
estimates were significant (P < 0.01), a residual plot by predicted values suggested that the error 
variance increased as predicted values of the dependent variable increased.  Similarly, a residual 
plot by sample date suggested that the error term was dependent on time, with error variance 
increasing shortly after BL application in study years 2009 and 2010 and then decreasing and 
averaging around zero until the next litter application in the following year.  The observed trends 
in residuals suggest that a more accurate model for predicting soil respiration may exist.   
 Combined across BL treatments, sample dates, and years, the all-treatments model had 62 
% of the sum of squares associated with the interaction between T2cm and VWC, suggesting that 
the interaction between soil temperature and moisture was a better predictor of respiration than 
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soil temperature or moisture alone.  In contrast, other researchers (Brye et al. 2006b; 
Motschenbacher, 2012; Smith, 2013) have concluded that soil temperature explained more of the 
variation in respiration than did soil moisture.  Additionally, Brye and Riley (2009) used soil 
temperature at the 2-cm depth and the linear and quadratic soil moisture terms to explain 19% of 
the observed variability in soil surface CO2 flux in a temperate tallgrass prairie. 
When the resulting equation from the all-treatments model was applied separately to data 
sets for each BL treatment, the resulting models were highly significant (P < 0.01) and all 
coefficient estimates differed from zero (P < 0.01) for all BL treatments (Table 4-5).  Broiler 
litter treatment model coefficient estimates were within the 95% confidence intervals (CI) for the 
all-treatments model intercept and T2cm coefficient estimates (Table 4-5), suggesting that one-
time-annual additions of BL to pasture soil with a history of BL applications may not influence 
the intercept and 2-cm soil temperature predictive model estimates.  In contrast, all BL treatment 
model coefficient estimates for the interaction between T2cm and VWC fell outside the 95% CI of 
the all-treatments model coefficient (Table 4-5).  The unamended control model estimate for the 
interaction between T2cm and VWC was less than the all-treatments model estimate, while that 
for the low- and high- litter treatment models were greater than the all- treatments model estimate, 
suggesting that annual additions of BL may increase predictive model estimates relating to the 2-
cm soil temperature and 0- to 6-cm soil moisture content interaction.  
Since the y- intercept and T2cm coefficient estimates among BL treatments were similar to 
the all-treatments model y-intercept and T2cm coefficient estimate, and even though the all BL 
treatment model coefficient estimates for the interaction between T2cm and VWC may have 
differed  from the all-treatments model T2cm x VWC coefficient estimate, the all-treatments 
model, as well as the BL treatment models, were all significant and a ll had a moderately good 
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coefficients of determination (Table 4-5).  Therefore, it is reasonable to assume that soil 
respiration from a pasture soil with similar characteristics to the one reported here (i.e., silt- loam, 
siliceous, active, mesic, mixed tall fescue) could adequately be predicted with a regression model 
using 2-cm soil temperature and the product term of soil temperature and 0- to 6-cm VWC 
regardless of litter rate.   
 
Summary and Conclusions 
 After six to eight consecutive years of annual BL amendments to soil with a history of 
organic amendments, this study demonstrated that BL application rate effects on soil respiration 
varied by sample date and among years and was significantly correlated with environmental 
factors.  Litter application increased respiration relative to the unamended control immediately 
after application in all three study years.  Of the 100 sample dates during the study, BL treatment 
effects were observed on 27 dates, of which 18 dates occurred within 84 DPBL application.  
Litter application also increased respiration relative to the unamended control when rainfall 
events occurred after dry periods, and suggests that the slow phase of BL decomposition may be 
stimulated by rainfall. 
 Both T2cm and T10cm varied by season and differed among years.  Averaged over sample 
dates, T2cm was lower in the high-BL treatment relative to unamended control in 2009 and 2010, 
and was attributed to increased shading associated with BL-induced increases in DM production 
in those years.  Soil temperature at the 10-cm depth was unaffected by BL application rate.      
Estimated annual CO2-C emissions were unaffected by BL application rate, but differed 
among years.  Similarly, 3-yr cumulative CO2-C emissions were unaffected by BL; however, an 
increasing trend in 3-yr cumulative CO2-C emissions was observed as BL application rate 
increased.  The linear relationship relating BL application rate to annual emissions predicted that 
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an unamended pasture soil with a history of organic amendments will release 19.2 Mg CO2-C ha
-
1 yr-1 and that for every 1 Mg of BL ha-1 applied annually will increase this baseline emission 
estimate by 0.5 Mg CO2-C ha
-1. 
Regression also indicated that soil respiration could be predicted using near-surface soil 
temperature (T2cm) and the product of T2cm and VWC as predictors with moderate strength (R
2 = 
0.52) in the relationship.  Residual-plot patterns suggested that a more accurate model for 
predicting soil respiration may exist.  When the model was applied to BL treatment data sets 
separately, coefficient estimates for the y- intercept and T2cm were within the 95 % CI of the all-
treatments model.  However, the coefficient estimate for the product of T2cm and VWC fell 
outside the 95 % CI of that for the all- treatments model suggesting that long-term applications of 
BL may influence the interaction between near-surface soil temperature and VWC as it relates to 
respiration.  
Results indicate that organic amendments, such as BL, can stimulate CO2 release from 
soil to the atmosphere under similar agricultural and climatic conditions in the Ozark Highlands 
region of northwest Arkansas, potentially negatively affecting atmospheric greenhouse gas 
concentrations and increasing radiative forcing.  It is possible that increased CO2 uptake 
associated with BL-induced increases in DM production may offset BL-related increases in CO2 
to the atmosphere that were observed in the current study.  Furthermore, rainfall events following 
dry conditions may stimulate slow-phase decomposition of BL.  Improved BL management 
strategies are needed to lessen the loss of CO2 from BL-amended soils. 
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Table 4-1.  Mean annual broiler litter (BL) composition and 
element/compound applied over a 9-yr period.  Litter was hand 
applied once annually to a silt- loam soil at the Agricultural Research 
and Extension Center in Fayetteville, Arkansas at three application 
rates (0, 5.6, and 11.2 Mg BL ha-1; control, low, and high, 
respectively).  Annual means for the last three years of the study are 
provided and coincide with years when soil respiration was 
measured.   
 
 Mean Annual  Study Year‡  
Litter Property Composition  2009 2010 2011 
Moisture (kg kg-1) 0.25  0.30a§ 0.29a 0.29a 
pH 8.2  8.67a 8.68a 6.68b 
EC† (dS m-1) 12.2  14.4a 14.8a 14.6a 
NO3-N (mg kg
-1) 243  416a 513a 528a 
NH4-N (mg kg
-1) 4623  7183a 7137a 4484a 
      
Total Elements      
    C (%) 35.7  35.9a 33.9b 34.6ab 
    N (%) 4.3  4.3a 4.2a 3.7b 
    P (%) 2.2  2.3a 2.3a 2.5a 
    K (%) 3.5  3.2b 3.4ab 3.6a 
    Ca (%) 3.7  3.7a 3.7a 3.9a 
    Mg (%) 0.7  0.7a 0.7a 0.7a 
    S (%) 1.1  1.4a 1.6a 1.2a 
    Na (mg kg-1) 9554  ¶ 16094a 13198a 
    Al (mg kg-1) 343  363a 291b 309b 
    Fe (mg kg-1) 448  381b 503b 731a 
    Mn (mg kg-1) 577  661a 666a 650a 
    Zn (mg kg-1) 515  525a 580a 551a 
    Cu (mg kg-1) 511  585a 604a 631a 
    B (mg kg-1) 52.7  49.0b 49.3b 53.4a 
    Ni (mg kg-1) 10.7  13.2a 15.8a 13.2a 
    Cd (mg kg-1) 0.18  0.09a 0.15a 0.13a 
    Cr (mg kg-1) 7.8  5.5a 7.0a 8.3a 
    As (mg kg-1) 26.6  27.3b 39.9a 24.7b 
    Se (mg kg-1) 3.3  1.8b 5.0a 1.9b 
† EC, electrical conductivity. 
‡ Study years are designated as starting the day BL was applied in 
late April or early May of the listed year and ending the day 
before BL was re-applied in the following calendar year.  For 
example 2009 represents the time period from May 2009 to April 
2010. 
§ Means in the same row for study years 2009, 2010, and 2011 
followed by different letters are significantly different (P < 0.05). 
¶ 2009 Na results were unavailable due to instrument malfunction.  
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Table 4-2.  Analysis of variance summary for a split-split plot 
design exploring the effects of broiler litter (BL) application 
rate, study year (Year), sample date within study year, and 
their interactions on soil respiration, soil temperature at 2- and 
10-cm depths (T2cm and T10cm, respectively), and soil 
volumetric water content (VWC) in the top 6 cm in a silt- loam 
soil in the Ozark Highlands region of northwest Arkansas.  
 
Source of Variance Respiration T2cm T10cm VWC 
 ______________ P-value ______________ 
BL 0.08 0.60 0.13 0.31 
    Year < 0.01 < 0.01 < 0.01 < 0.01 
    BL x Year 0.57 0.03 0.59 0.31 
        Day(Year) < 0.01 < 0.01 < 0.01 < 0.01 
        BL x Day(Year) < 0.01 0.79 0.72 0.87 
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Table 4-3.  Summary of correlations for soil respiration with 2-cm soil temperature (T2cm), 
0- to 6-cm volumetric water content (VWC), and their interaction and quadratic terms.  
 
Statistical Parameter T2cm VWC T2cm
 2 VWC2 T2cm x VWC 
r† 0.49 0.07 0.42 0.02 0.60 
P-value < 0.01§ 0.09 < 0.01 0.69 < 0.01 
n‡ 606 594 606 594 594 
† r, correlation coefficient.  
‡ n, number of observations. 
§ P ≤ 0.05 are indicated in bold.  
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Table 4-4.  Summary of 2-yr cumulative carbon input and 
losses of a managed pasture receiving broiler litter (BL) 
applications during 2009 and 2010.  Litter was hand 
applied once annually to a silt- loam soil at the Agricultural 
Research and Extension Center in Fayetteville, Arkansas at 
three application rates (0, 5.6, and 11.2 Mg BL ha-1; 
control, low, and high, respectively).  Values represent kg 
C ha-1 that were applied as BL or lost through runoff, 
drainage below the 90-cm soil depth, harvested as hay, or 
respired from the soil over the 2-yr period. 
 
 Broiler Litter Rate 
Description Control Low High 
 ______________ kg ha-1 ______________ 
Input    
    Broiler litter 0 3,909 7,817 
    
Losses    
    Runoff† 15 21 21 
    Drainage‡ 24 28 28 
    Dry matter removal 9,696 12,148 22,530 
    Soil respiration 40,140 46,920 52,580 
† Data taken from McMullen (2014b). 
‡ Data taken from McMullen (2014a). 
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Table 4-5.  Summary of multiple regression coefficients for 2-cm soil temperature (T2cm) and the 
interaction between soil temperature and 0- to 6-cm volumetric water content (T2cm x VWC) 
terms for data combined across all broiler litter (BL) treatments and separately for each BL 
treatment condition.  Litter was hand applied once annually to a silt- loam soil at the Agricultural 
Research and Extension Center in Fayetteville, Arkansas at three application rates (0, 5.6, and 
11.2 Mg BL ha-1; control, low, and high, respectively) for three years.  All coefficient estimates 
were significantly different (P < 0.0001) than zero for all models.  Upper (u) and lower (l)  95% 
confidence intervals (CI) are provided to allow comparisons between models and coefficient of 
determination (R2) is provided as a measure of the strength of the relationships.  
  
 Intercept  T2cm  T2cm x VWC  
Model Estimate CIl CIu  Estimate CIl CIu  Estimate CIl CIu R
2
 
All-treatments
†
 -3.45 -4.39 -2.52  0.28 0.24 0.32  1.25 1.11 1.39 0.52 
Control
‡
 -2.54 -3.52 -1.55  0.27 0.23 0.31  0.76
§
 0.62 0.90 0.65 
Low
‡
 -4.16 -5.55 -2.77  0.26 0.20 0.32  1.58 1.37 1.79 0.65 
High
‡
 -4.32 -6.28 -2.35  0.30 0.22 0.39  1.64 1.34 1.93 0.52 
† n = 594. 
‡ n = 198. 
§ Estimates in bold lay outside the 95% confidence intervals of the all-treatments model. 
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Figure 4-1.  Broiler litter (BL) application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and 
high, respectively) effects on soil respiration over a 3-yr period.  Study years were designated as 
starting the day BL was applied in early May of the listed year and ending the day before BL was 
re-applied in the following calendar year.  Summer (Su), fall (F), winter (W), and spring (Sp) 
seasons are separated by vertical lines.  Asterisks denote sample dates when BL treatment effects 
occurred.  Protected least significant difference (LSD) to compare so il respiration rates between 
any treatment combination is 3.3 µmol CO2 m
-2 s-1.    
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Figure 4-2.  Study year effects on soil 2- and 10-cm temperatures (T2cm and T10cm, respectively) and 
0- to 6-cm volumetric water content (VWC) during a 3-yr period.  Study years were designated as 
starting the day BL was applied in early May of the listed year and ending the day before BL was re -
applied in the following calendar year.  Summer (Su), fall (F), winter (W), and spring (Sp) seasons 
are separated by vertical lines.  Protected least significant differences (LSD) are provided for 
comparisons.   
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Figure 4-3.  Broiler litter application rate (0, 5.6, and 11.2 Mg BL ha-1; control, low, and high, 
respectively) and study year effect on soil 2-cm temperature (T2cm).  Study years were designated 
as starting the day BL was applied in early May of the listed year and ending the day before BL 
was re-applied in the following calendar year.  Different letters atop bars indicate a significant 
difference (P < 0.01) among all treatment combinations. 
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Figure 4-4.  Cumulative CO2-C emissions during a 3-yr period.  Study years were designated as 
starting the day broiler litter (BL) was applied at one of three rates (0, 5.6, and 11.2 Mg BL ha-1; 
control, low, and high, respectively) in early May of the listed year and ending the day before BL 
was re-applied in the following calendar year.  Summer (Su), fall (F), winter (W), and spring 
(Sp) seasons are separated by vertical lines. 
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Appendix 4-1.  Example SAS program for analysis of variance based on a split-split plot design 
with sample date within study year and related data.  
 
options mprint; 
  
title 'Soil CO2 Flux -- Richard McMullen --'; 
title2 '3 Year Data Set'; 
  
data Gases; 
  infile 'G:\McMullen\CO2 Flux\SAS\3yrFlux.csv' firstobs=2 DLM=',' truncover LRECL = 600 
 DSD; 
  input DayspostBL DPostBLNeg Studyyear Year Date $ DOY Block BL $ BLcontin Plot Flux 
 C2avg T10 VWC T2 BD WFPS; 
  
  label BL = 'Broiler Litter'; 
run; 
  
proc sort data=Gases; by year date block; 
run; 
quit; 
  
title3 'ANOVA all years with BL*sample date within year';  
title4 "---------- soil VWC cm3 cm-3 ----------"; 
ods rtf file='G:\McMullen\CO2 Flux\SAS\rtffiles\3yrTempVWC.rtf'  bodytitle style=journal; 
proc mixed data=Gases method=type3 ; 
  class block studyyear DayspostBL bl ; 
  model VWC = BL studyyear BL*studyyear dayspostBL(studyyear) BL*dayspostBL(studyyear) 
 / ddfm=kr ;         
  random Block block*BL Block*BL*studyyear ; 
   
  lsmeans studyyear ; 
  lsmeans dayspostBL(studyyear); 
   
run; 
ods rtf close; 
quit; 
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Days Study Year Date DOY Block BL Plot Eflux C2avg 
PostBL Year 
    
Trmnt # 
µmol 
CO2/m2s 
 364 . 2009 5/6/2009 126 1 Low 1 11.237 385 
364 . 2009 5/6/2009 126 2 High 2 14.187 385 
364 . 2009 5/6/2009 126 2 Low 3 17.9 385 
364 . 2009 5/6/2009 126 2 Control 4 9.09 385 
364 . 2009 5/6/2009 126 1 Control 5 9.063 385 
364 . 2009 5/6/2009 126 1 High 6 7.62 385 
5 1 2009 5/12/2009 132 1 Low 1 12.877 369 
5 1 2009 5/12/2009 132 2 High 2 21.467 369 
5 1 2009 5/12/2009 132 2 Low 3 21.867 369 
5 1 2009 5/12/2009 132 2 Control 4 6.44 369 
5 1 2009 5/12/2009 132 1 Control 5 7.923 369 
5 1 2009 5/12/2009 132 1 High 6 19.3 369 
14 1 2009 5/21/2009 141 1 Low 1 12.43 379 
14 1 2009 5/21/2009 141 2 High 2 13.167 379 
14 1 2009 5/21/2009 141 2 Low 3 16.033 379 
14 1 2009 5/21/2009 141 2 Control 4 9.137 379 
14 1 2009 5/21/2009 141 1 Control 5 9.39 379 
14 1 2009 5/21/2009 141 1 High 6 11.873 379 
28 1 2009 6/6/2009 155 1 Low 1 14.533 375 
28 1 2009 6/6/2009 155 2 High 2 21.633 375 
28 1 2009 6/6/2009 155 2 Low 3 16.467 375 
28 1 2009 6/6/2009 155 2 Control 4 8.15 375 
28 1 2009 6/6/2009 155 1 Control 5 10.383 375 
28 1 2009 6/6/2009 155 1 High 6 20.3 375 
35 1 2009 6/11/2009 162 1 Low 1 13.633 383 
35 1 2009 6/11/2009 162 2 High 2 16.267 383 
35 1 2009 6/11/2009 162 2 Low 3 12.067 383 
35 1 2009 6/11/2009 162 2 Control 4 11.6 383 
35 1 2009 6/11/2009 162 1 Control 5 7.647 383 
35 1 2009 6/11/2009 162 1 High 6 18.567 383 
42 1 2009 6/18/2009 169 1 Low 1 12.097 375 
42 1 2009 6/18/2009 169 2 High 2 14.233 375 
42 1 2009 6/18/2009 169 2 Low 3 12.103 375 
42 1 2009 6/18/2009 169 2 Control 4 10.04 375 
42 1 2009 6/18/2009 169 1 Control 5 7.72 375 
42 1 2009 6/18/2009 169 1 High 6 16.933 375 
49 1 2009 6/25/2009 176 1 Low 1 11.733 380 
49 1 2009 6/25/2009 176 2 High 2 13.5 380 
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49 1 2009 6/25/2009 176 2 Low 3 15.5 380 
49 1 2009 6/25/2009 176 2 Control 4 10.867 380 
49 1 2009 6/25/2009 176 1 Control 5 10.183 380 
49 1 2009 6/25/2009 176 1 High 6 14.567 380 
56 1 2009 7/2/2009 183 1 Low 1 6.85 360 
56 1 2009 7/2/2009 183 2 High 2 9.187 360 
56 1 2009 7/2/2009 183 2 Low 3 9.337 360 
56 1 2009 7/2/2009 183 2 Control 4 7.31 360 
56 1 2009 7/2/2009 183 1 Control 5 6.737 360 
56 1 2009 7/2/2009 183 1 High 6 10.543 360 
63 1 2009 7/9/2009 190 1 Low 1 9.053 331 
63 1 2009 7/9/2009 190 2 High 2 7.043 331 
63 1 2009 7/9/2009 190 2 Low 3 8.277 331 
63 1 2009 7/9/2009 190 2 Control 4 8.573 331 
63 1 2009 7/9/2009 190 1 Control 5 9.823 331 
63 1 2009 7/9/2009 190 1 High 6 9.3 331 
70 1 2009 7/16/2009 197 1 Low 1 7.16 364 
70 1 2009 7/16/2009 197 2 High 2 6.13 364 
70 1 2009 7/16/2009 197 2 Low 3 5.317 364 
70 1 2009 7/16/2009 197 2 Control 4 10.287 364 
70 1 2009 7/16/2009 197 1 Control 5 9.007 364 
70 1 2009 7/16/2009 197 1 High 6 11.52 364 
77 1 2009 7/23/2009 204 1 Low 1 12.533 337 
77 1 2009 7/23/2009 204 2 High 2 10.933 337 
77 1 2009 7/23/2009 204 2 Low 3 11.133 337 
77 1 2009 7/23/2009 204 2 Control 4 13.267 337 
77 1 2009 7/23/2009 204 1 Control 5 10.497 337 
77 1 2009 7/23/2009 204 1 High 6 16 337 
85 1 2009 7/31/2009 212 1 Low 1 13.1 320 
85 1 2009 7/31/2009 212 2 High 2 12.9 320 
85 1 2009 7/31/2009 212 2 Low 3 18.467 320 
85 1 2009 7/31/2009 212 2 Control 4 15.233 320 
85 1 2009 7/31/2009 212 1 Control 5 9.393 320 
85 1 2009 7/31/2009 212 1 High 6 17.5 320 
91 1 2009 8/6/2009 218 1 Low 1 16 337 
91 1 2009 8/6/2009 218 2 High 2 19.433 337 
91 1 2009 8/6/2009 218 2 Low 3 15.733 337 
91 1 2009 8/6/2009 218 2 Control 4 14.233 337 
91 1 2009 8/6/2009 218 1 Control 5 11.467 337 
91 1 2009 8/6/2009 218 1 High 6 15.4 337 
98 1 2009 8/13/2009 225 1 Low 1 11.5 333 
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98 1 2009 8/13/2009 225 2 High 2 11.617 333 
98 1 2009 8/13/2009 225 2 Low 3 11.767 333 
98 1 2009 8/13/2009 225 2 Control 4 9.793 333 
98 1 2009 8/13/2009 225 1 Control 5 7.58 333 
98 1 2009 8/13/2009 225 1 High 6 10.823 333 
112 1 2009 8/27/2009 239 1 Low 1 6.753 311 
112 1 2009 8/27/2009 239 2 High 2 6.857 311 
112 1 2009 8/27/2009 239 2 Low 3 10.177 311 
112 1 2009 8/27/2009 239 2 Control 4 7.657 311 
112 1 2009 8/27/2009 239 1 Control 5 6.143 311 
112 1 2009 8/27/2009 239 1 High 6 9.18 311 
119 1 2009 9/3/2009 246 1 Low 1 9.637 325 
119 1 2009 9/3/2009 246 2 High 2 10.107 325 
119 1 2009 9/3/2009 246 2 Low 3 9.513 325 
119 1 2009 9/3/2009 246 2 Control 4 8.197 325 
119 1 2009 9/3/2009 246 1 Control 5 6.25 325 
119 1 2009 9/3/2009 246 1 High 6 8.227 325 
133 1 2009 9/17/2009 260 1 Low 1 7.247 333 
133 1 2009 9/17/2009 260 2 High 2 9.84 333 
133 1 2009 9/17/2009 260 2 Low 3 6.973 333 
133 1 2009 9/17/2009 260 2 Control 4 4.83 333 
133 1 2009 9/17/2009 260 1 Control 5 6.673 333 
133 1 2009 9/17/2009 260 1 High 6 8.437 333 
140 1 2009 9/24/2009 267 1 Low 1 7.517 360 
140 1 2009 9/24/2009 267 2 High 2 9.547 360 
140 1 2009 9/24/2009 267 2 Low 3 6.92 360 
140 1 2009 9/24/2009 267 2 Control 4 5.88 360 
140 1 2009 9/24/2009 267 1 Control 5 6.073 360 
140 1 2009 9/24/2009 267 1 High 6 8.96 360 
147 1 2009 10/1/2009 274 1 Low 1 8.18 332 
147 1 2009 10/1/2009 274 2 High 2 5.973 332 
147 1 2009 10/1/2009 274 2 Low 3 5.277 332 
147 1 2009 10/1/2009 274 2 Control 4 4.533 332 
147 1 2009 10/1/2009 274 1 Control 5 5.733 332 
147 1 2009 10/1/2009 274 1 High 6 6.37 332 
154 1 2009 10/8/2009 281 1 Low 1 6.357 334 
154 1 2009 10/8/2009 281 2 High 2 8.857 334 
154 1 2009 10/8/2009 281 2 Low 3 9.473 334 
154 1 2009 10/8/2009 281 2 Control 4 6.863 334 
154 1 2009 10/8/2009 281 1 Control 5 6.28 334 
154 1 2009 10/8/2009 281 1 High 6 6.743 334 
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161 1 2009 10/15/2009 288 1 Low 1 3.723 362 
161 1 2009 10/15/2009 288 2 High 2 6.973 362 
161 1 2009 10/15/2009 288 2 Low 3 8.13 362 
161 1 2009 10/15/2009 288 2 Control 4 4.73 362 
161 1 2009 10/15/2009 288 1 Control 5 3.713 362 
161 1 2009 10/15/2009 288 1 High 6 4.313 362 
174 1 2009 10/28/2009 301 1 Low 1 4.943 337 
174 1 2009 10/28/2009 301 2 High 2 6.253 337 
174 1 2009 10/28/2009 301 2 Low 3 4.863 337 
174 1 2009 10/28/2009 301 2 Control 4 4.507 337 
174 1 2009 10/28/2009 301 1 Control 5 4.407 337 
174 1 2009 10/28/2009 301 1 High 6 6.173 337 
182 1 2009 11/5/2009 309 1 Low 1 4.903 340 
182 1 2009 11/5/2009 309 2 High 2 5.88 340 
182 1 2009 11/5/2009 309 2 Low 3 3.86 340 
182 1 2009 11/5/2009 309 2 Control 4 3.503 340 
182 1 2009 11/5/2009 309 1 Control 5 4.317 340 
182 1 2009 11/5/2009 309 1 High 6 5.52 340 
189 1 2009 11/12/2009 316 1 Low 1 4.367 354 
189 1 2009 11/12/2009 316 2 High 2 5.573 354 
189 1 2009 11/12/2009 316 2 Low 3 3.5 354 
189 1 2009 11/12/2009 316 2 Control 4 3.493 354 
189 1 2009 11/12/2009 316 1 Control 5 4.057 354 
189 1 2009 11/12/2009 316 1 High 6 5.017 354 
196 1 2009 11/19/2009 323 1 Low 1 3.247 343 
196 1 2009 11/19/2009 323 2 High 2 4.253 343 
196 1 2009 11/19/2009 323 2 Low 3 2.4 343 
196 1 2009 11/19/2009 323 2 Control 4 1.937 343 
196 1 2009 11/19/2009 323 1 Control 5 2.8 343 
196 1 2009 11/19/2009 323 1 High 6 3.723 343 
210 1 2009 12/3/2009 337 1 Low 1 2.723 350 
210 1 2009 12/3/2009 337 2 High 2 2.807 350 
210 1 2009 12/3/2009 337 2 Low 3 2.007 350 
210 1 2009 12/3/2009 337 2 Control 4 1.71 350 
210 1 2009 12/3/2009 337 1 Control 5 1.777 350 
210 1 2009 12/3/2009 337 1 High 6 1.96 350 
221 1 2009 12/14/2009 348 1 Low 1 1.707 356 
221 1 2009 12/14/2009 348 2 High 2 2.497 356 
221 1 2009 12/14/2009 348 2 Low 3 2.023 356 
221 1 2009 12/14/2009 348 2 Control 4 1.463 356 
221 1 2009 12/14/2009 348 1 Control 5 2.383 356 
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221 1 2009 12/14/2009 348 1 High 6 3.69 356 
224 1 2009 12/17/2009 351 1 Low 1 1.62 344 
224 1 2009 12/17/2009 351 2 High 2 1.747 344 
224 1 2009 12/17/2009 351 2 Low 3 1.589 344 
224 1 2009 12/17/2009 351 2 Control 4 0.962 344 
224 1 2009 12/17/2009 351 1 Control 5 1.092 344 
224 1 2009 12/17/2009 351 1 High 6 0.918 344 
238 1 2009 12/31/2009 365 1 Low 1 1.328 354 
238 1 2009 12/31/2009 365 2 High 2 1.46 354 
238 1 2009 12/31/2009 365 2 Low 3 1.338 354 
238 1 2009 12/31/2009 365 2 Control 4 1.203 354 
238 1 2009 12/31/2009 365 1 Control 5 1.095 354 
238 1 2009 12/31/2009 365 1 High 6 1.361 354 
257 1 2010 1/19/2010 19 1 Low 1 2.83 346 
257 1 2010 1/19/2010 19 2 High 2 3.227 346 
257 1 2010 1/19/2010 19 2 Low 3 2.953 346 
257 1 2010 1/19/2010 19 2 Control 4 1.471 346 
257 1 2010 1/19/2010 19 1 Control 5 1.95 346 
257 1 2010 1/19/2010 19 1 High 6 1.45 346 
339 1 2010 4/11/2010 101 1 Low 1 5.62 350 
339 1 2010 4/11/2010 101 2 High 2 7.33 350 
339 1 2010 4/11/2010 101 2 Low 3 6.34 350 
339 1 2010 4/11/2010 101 2 Control 4 6.323 350 
339 1 2010 4/11/2010 101 1 Control 5 6.09 350 
339 1 2010 4/11/2010 101 1 High 6 6.597 350 
346 1 2010 4/18/2010 108 1 Low 1 3.87 329 
346 1 2010 4/18/2010 108 2 High 2 4.19 329 
346 1 2010 4/18/2010 108 2 Low 3 4.053 329 
346 1 2010 4/18/2010 108 2 Control 4 4.46 329 
346 1 2010 4/18/2010 108 1 Control 5 4.37 329 
346 1 2010 4/18/2010 108 1 High 6 6.22 329 
355 1 2010 4/27/2010 117 1 Low 1 6.38 331 
355 1 2010 4/27/2010 117 2 High 2 8.28 331 
355 1 2010 4/27/2010 117 2 Low 3 7.487 331 
355 1 2010 4/27/2010 117 2 Control 4 8.66 331 
355 1 2010 4/27/2010 117 1 Control 5 6.52 331 
355 1 2010 4/27/2010 117 1 High 6 6.773 331 
10 2 2010 5/18/2010 138 1 Low 1 20.9 320 
10 2 2010 5/18/2010 138 2 High 2 24.467 320 
10 2 2010 5/18/2010 138 2 Low 3 18.933 320 
10 2 2010 5/18/2010 138 2 Control 4 9.587 320 
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10 2 2010 5/18/2010 138 1 Control 5 8.97 320 
10 2 2010 5/18/2010 138 1 High 6 36.833 320 
18 2 2010 5/26/2010 146 1 Low 1 20.533 349 
18 2 2010 5/26/2010 146 2 High 2 26.767 349 
18 2 2010 5/26/2010 146 2 Low 3 19.833 349 
18 2 2010 5/26/2010 146 2 Control 4 12.287 349 
18 2 2010 5/26/2010 146 1 Control 5 11.4 349 
18 2 2010 5/26/2010 146 1 High 6 31.5 349 
26 2 2010 6/3/2010 154 1 Low 1 17.3 317 
26 2 2010 6/3/2010 154 2 High 2 21.333 317 
26 2 2010 6/3/2010 154 2 Low 3 16.7 317 
26 2 2010 6/3/2010 154 2 Control 4 16.1 317 
26 2 2010 6/3/2010 154 1 Control 5 14.333 317 
26 2 2010 6/3/2010 154 1 High 6 21.767 317 
32 2 2010 6/9/2010 160 1 Low 1 11.28 350 
32 2 2010 6/9/2010 160 2 High 2 13.067 350 
32 2 2010 6/9/2010 160 2 Low 3 10.433 350 
32 2 2010 6/9/2010 160 2 Control 4 10.117 350 
32 2 2010 6/9/2010 160 1 Control 5 9.637 350 
32 2 2010 6/9/2010 160 1 High 6 12.7 350 
39 2 2010 6/16/2010 167 1 Low 1 8.627 327 
39 2 2010 6/16/2010 167 2 High 2 8.897 327 
39 2 2010 6/16/2010 167 2 Low 3 10.533 327 
39 2 2010 6/16/2010 167 2 Control 4 11.467 327 
39 2 2010 6/16/2010 167 1 Control 5 11.07 327 
39 2 2010 6/16/2010 167 1 High 6 13 327 
46 2 2010 6/23/2010 174 1 Low 1 7.06 300 
46 2 2010 6/23/2010 174 2 High 2 9.74 300 
46 2 2010 6/23/2010 174 2 Low 3 6.46 300 
46 2 2010 6/23/2010 174 2 Control 4 11.8 300 
46 2 2010 6/23/2010 174 1 Control 5 11.267 300 
46 2 2010 6/23/2010 174 1 High 6 11.033 300 
53 2 2010 6/30/2010 181 1 Low 1 8.653 294 
53 2 2010 6/30/2010 181 2 High 2 9.13 294 
53 2 2010 6/30/2010 181 2 Low 3 8.203 294 
53 2 2010 6/30/2010 181 2 Control 4 11.653 294 
53 2 2010 6/30/2010 181 1 Control 5 11.63 294 
53 2 2010 6/30/2010 181 1 High 6 10.167 294 
60 2 2010 7/7/2010 188 1 Low 1 12.133 291 
60 2 2010 7/7/2010 188 2 High 2 12.2 291 
60 2 2010 7/7/2010 188 2 Low 3 9.823 291 
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60 2 2010 7/7/2010 188 2 Control 4 10.917 291 
60 2 2010 7/7/2010 188 1 Control 5 12.1 291 
60 2 2010 7/7/2010 188 1 High 6 12.267 291 
67 2 2010 7/14/2010 195 1 Low 1 13.833 280 
67 2 2010 7/14/2010 195 2 High 2 13 280 
67 2 2010 7/14/2010 195 2 Low 3 10.43 280 
67 2 2010 7/14/2010 195 2 Control 4 11.65 280 
67 2 2010 7/14/2010 195 1 Control 5 11.8 280 
67 2 2010 7/14/2010 195 1 High 6 12.573 280 
74 2 2010 7/21/2010 202 1 Low 1 11.11 292 
74 2 2010 7/21/2010 202 2 High 2 16.067 292 
74 2 2010 7/21/2010 202 2 Low 3 21.347 292 
74 2 2010 7/21/2010 202 2 Control 4 9.483 292 
74 2 2010 7/21/2010 202 1 Control 5 12.533 292 
74 2 2010 7/21/2010 202 1 High 6 14.6 292 
81 2 2010 7/28/2010 209 1 Low 1 10.697 283 
81 2 2010 7/28/2010 209 2 High 2 12.333 283 
81 2 2010 7/28/2010 209 2 Low 3 19.073 283 
81 2 2010 7/28/2010 209 2 Control 4 8.973 283 
81 2 2010 7/28/2010 209 1 Control 5 11.633 283 
81 2 2010 7/28/2010 209 1 High 6 14.033 283 
88 2 2010 8/4/2010 216 1 Low 1 10.017 280 
88 2 2010 8/4/2010 216 2 High 2 10.233 280 
88 2 2010 8/4/2010 216 2 Low 3 10.1 280 
88 2 2010 8/4/2010 216 2 Control 4 11.677 280 
88 2 2010 8/4/2010 216 1 Control 5 13.667 280 
88 2 2010 8/4/2010 216 1 High 6 12.4 280 
96 2 2010 8/12/2010 224 1 Low 1 7.723 285 
96 2 2010 8/12/2010 224 2 High 2 7.993 285 
96 2 2010 8/12/2010 224 2 Low 3 7.753 285 
96 2 2010 8/12/2010 224 2 Control 4 8.453 285 
96 2 2010 8/12/2010 224 1 Control 5 9.713 285 
96 2 2010 8/12/2010 224 1 High 6 9.473 285 
103 2 2010 8/19/2010 231 1 Low 1 5.613 280 
103 2 2010 8/19/2010 231 2 High 2 5.937 280 
103 2 2010 8/19/2010 231 2 Low 3 5.66 280 
103 2 2010 8/19/2010 231 2 Control 4 6.493 280 
103 2 2010 8/19/2010 231 1 Control 5 6.083 280 
103 2 2010 8/19/2010 231 1 High 6 6.693 280 
107 2 2010 8/23/2010 235 1 Low 1 3.16 268 
107 2 2010 8/23/2010 235 2 High 2 5.247 268 
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107 2 2010 8/23/2010 235 2 Low 3 4.233 268 
107 2 2010 8/23/2010 235 2 Control 4 5.9 268 
107 2 2010 8/23/2010 235 1 Control 5 4.327 268 
107 2 2010 8/23/2010 235 1 High 6 5.61 268 
114 2 2010 8/30/2010 242 1 Low 1 2.277 269 
114 2 2010 8/30/2010 242 2 High 2 3.863 269 
114 2 2010 8/30/2010 242 2 Low 3 3.42 269 
114 2 2010 8/30/2010 242 2 Control 4 3.977 269 
114 2 2010 8/30/2010 242 1 Control 5 3.527 269 
114 2 2010 8/30/2010 242 1 High 6 3.517 269 
120 2 2010 9/5/2010 248 1 Low 1 6.383 203 
120 2 2010 9/5/2010 248 2 High 2 5.727 203 
120 2 2010 9/5/2010 248 2 Low 3 7.323 203 
120 2 2010 9/5/2010 248 2 Control 4 6.66 203 
120 2 2010 9/5/2010 248 1 Control 5 8.01 203 
120 2 2010 9/5/2010 248 1 High 6 5.973 203 
128 2 2010 9/13/2010 256 1 Low 1 7.98 241 
128 2 2010 9/13/2010 256 2 High 2 6.357 241 
128 2 2010 9/13/2010 256 2 Low 3 7.737 241 
128 2 2010 9/13/2010 256 2 Control 4 7.883 241 
128 2 2010 9/13/2010 256 1 Control 5 8.737 241 
128 2 2010 9/13/2010 256 1 High 6 7.083 241 
135 2 2010 9/20/2010 263 1 Low 1 9.16 217 
135 2 2010 9/20/2010 263 2 High 2 6.863 217 
135 2 2010 9/20/2010 263 2 Low 3 8.71 217 
135 2 2010 9/20/2010 263 2 Control 4 9.57 217 
135 2 2010 9/20/2010 263 1 Control 5 10.697 217 
135 2 2010 9/20/2010 263 1 High 6 7.93 217 
142 2 2010 9/27/2010 270 1 Low 1 7.623 228 
142 2 2010 9/27/2010 270 2 High 2 8.003 228 
142 2 2010 9/27/2010 270 2 Low 3 8.39 228 
142 2 2010 9/27/2010 270 2 Control 4 5.19 228 
142 2 2010 9/27/2010 270 1 Control 5 5.1 228 
142 2 2010 9/27/2010 270 1 High 6 6.757 228 
148 2 2010 10/3/2010 276 1 Low 1 4.66 234 
148 2 2010 10/3/2010 276 2 High 2 5.907 234 
148 2 2010 10/3/2010 276 2 Low 3 4.953 234 
148 2 2010 10/3/2010 276 2 Control 4 4.123 234 
148 2 2010 10/3/2010 276 1 Control 5 3.313 234 
148 2 2010 10/3/2010 276 1 High 6 5.197 234 
160 2 2010 10/15/2010 288 1 Low 1 2.783 237 
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160 2 2010 10/15/2010 288 2 High 2 3.443 237 
160 2 2010 10/15/2010 288 2 Low 3 3.47 237 
160 2 2010 10/15/2010 288 2 Control 4 2.903 237 
160 2 2010 10/15/2010 288 1 Control 5 2.34 237 
160 2 2010 10/15/2010 288 1 High 6 4.44 237 
167 2 2010 10/22/2010 295 1 Low 1 5.4 234 
167 2 2010 10/22/2010 295 2 High 2 5.733 234 
167 2 2010 10/22/2010 295 2 Low 3 7 234 
167 2 2010 10/22/2010 295 2 Control 4 4.353 234 
167 2 2010 10/22/2010 295 1 Control 5 4.123 234 
167 2 2010 10/22/2010 295 1 High 6 4.903 234 
177 2 2010 11/1/2010 305 1 Low 1 3.207 232 
177 2 2010 11/1/2010 305 2 High 2 3.33 232 
177 2 2010 11/1/2010 305 2 Low 3 4.65 232 
177 2 2010 11/1/2010 305 2 Control 4 2.977 232 
177 2 2010 11/1/2010 305 1 Control 5 2.697 232 
177 2 2010 11/1/2010 305 1 High 6 3.247 232 
183 2 2010 11/7/2010 311 1 Low 1 2.023 238 
183 2 2010 11/7/2010 311 2 High 2 2.707 238 
183 2 2010 11/7/2010 311 2 Low 3 1.73 238 
183 2 2010 11/7/2010 311 2 Control 4 1.583 238 
183 2 2010 11/7/2010 311 1 Control 5 1.793 238 
183 2 2010 11/7/2010 311 1 High 6 1.814 238 
196 2 2010 11/20/2010 324 1 Low 1 1.78 240 
196 2 2010 11/20/2010 324 2 High 2 2.717 240 
196 2 2010 11/20/2010 324 2 Low 3 1.9 240 
196 2 2010 11/20/2010 324 2 Control 4 2.12 240 
196 2 2010 11/20/2010 324 1 Control 5 1.61 240 
196 2 2010 11/20/2010 324 1 High 6 1.967 240 
209 2 2010 12/3/2010 337 1 Low 1 1.207 261 
209 2 2010 12/3/2010 337 2 High 2 1.593 261 
209 2 2010 12/3/2010 337 2 Low 3 1.26 261 
209 2 2010 12/3/2010 337 2 Control 4 1.567 261 
209 2 2010 12/3/2010 337 1 Control 5 1.16 261 
209 2 2010 12/3/2010 337 1 High 6 1.47 261 
254 2 2011 1/17/2011 17 1 Low 1 0.817 404 
254 2 2011 1/17/2011 17 2 High 2 0.994 404 
254 2 2011 1/17/2011 17 2 Low 3 1.346 404 
254 2 2011 1/17/2011 17 2 Control 4 1.045 404 
254 2 2011 1/17/2011 17 1 Control 5 0.987 404 
254 2 2011 1/17/2011 17 1 High 6 1.238 404 
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311 2 2011 3/15/2011 74 1 Low 1 1.94 399 
311 2 2011 3/15/2011 74 2 High 2 2.45 399 
311 2 2011 3/15/2011 74 2 Low 3 2.283 399 
311 2 2011 3/15/2011 74 2 Control 4 2.283 399 
311 2 2011 3/15/2011 74 1 Control 5 2.39 399 
311 2 2011 3/15/2011 74 1 High 6 1.662 399 
329 2 2011 4/2/2011 92 1 Low 1 3.547 394 
329 2 2011 4/2/2011 92 2 High 2 3.06 394 
329 2 2011 4/2/2011 92 2 Low 3 3.593 394 
329 2 2011 4/2/2011 92 2 Control 4 3.91 394 
329 2 2011 4/2/2011 92 1 Control 5 3.757 394 
329 2 2011 4/2/2011 92 1 High 6 3.063 394 
343 2 2011 4/16/2011 106 1 Low 1 2.873 396 
343 2 2011 4/16/2011 106 2 High 2 4.347 396 
343 2 2011 4/16/2011 106 2 Low 3 4.283 396 
343 2 2011 4/16/2011 106 2 Control 4 3.093 396 
343 2 2011 4/16/2011 106 1 Control 5 3.803 396 
343 2 2011 4/16/2011 106 1 High 6 4.7 396 
357 2 2011 4/30/2011 120 1 Low 1 5.277 391 
357 2 2011 4/30/2011 120 2 High 2 4.863 391 
357 2 2011 4/30/2011 120 2 Low 3 4.99 391 
357 2 2011 4/30/2011 120 2 Control 4 5.653 391 
357 2 2011 4/30/2011 120 1 Control 5 4.977 391 
357 2 2011 4/30/2011 120 1 High 6 5.46 391 
362 2 2011 5/5/2011 125 1 Low 1 5.527 384 
362 2 2011 5/5/2011 125 2 High 2 5.533 384 
362 2 2011 5/5/2011 125 2 Low 3 5.71 384 
362 2 2011 5/5/2011 125 2 Control 4 8.19 384 
362 2 2011 5/5/2011 125 1 Control 5 4.94 384 
362 2 2011 5/5/2011 125 1 High 6 7.93 384 
7 3 2011 5/17/2011 137 1 Low 1 16.983 388 
7 3 2011 5/17/2011 137 2 High 2 11.9 388 
7 3 2011 5/17/2011 137 2 Low 3 12.97 388 
7 3 2011 5/17/2011 137 2 Control 4 8.207 388 
7 3 2011 5/17/2011 137 1 Control 5 6.327 388 
7 3 2011 5/17/2011 137 1 High 6 20.933 388 
15 3 2011 5/25/2011 145 1 Low 1 19.333 387 
15 3 2011 5/25/2011 145 2 High 2 10.9 387 
15 3 2011 5/25/2011 145 2 Low 3 15.993 387 
15 3 2011 5/25/2011 145 2 Control 4 10.493 387 
15 3 2011 5/25/2011 145 1 Control 5 5.993 387 
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15 3 2011 5/25/2011 145 1 High 6 20.667 387 
26 3 2011 6/5/2011 156 1 Low 1 10.43 381 
26 3 2011 6/5/2011 156 2 High 2 12.643 381 
26 3 2011 6/5/2011 156 2 Low 3 12.28 381 
26 3 2011 6/5/2011 156 2 Control 4 10.833 381 
26 3 2011 6/5/2011 156 1 Control 5 10.28 381 
26 3 2011 6/5/2011 156 1 High 6 10.953 381 
33 3 2011 6/12/2011 163 1 Low 1 24.933 379 
33 3 2011 6/12/2011 163 2 High 2 24.733 379 
33 3 2011 6/12/2011 163 2 Low 3 19.3 379 
33 3 2011 6/12/2011 163 2 Control 4 16.233 379 
33 3 2011 6/12/2011 163 1 Control 5 15.167 379 
33 3 2011 6/12/2011 163 1 High 6 34.667 379 
41 3 2011 6/20/2011 171 1 Low 1 8.02 378 
41 3 2011 6/20/2011 171 2 High 2 10.033 378 
41 3 2011 6/20/2011 171 2 Low 3 7.07 378 
41 3 2011 6/20/2011 171 2 Control 4 8.987 378 
41 3 2011 6/20/2011 171 1 Control 5 8.01 378 
41 3 2011 6/20/2011 171 1 High 6 11.633 378 
49 3 2011 6/28/2011 179 1 Low 1 6.34 362 
49 3 2011 6/28/2011 179 2 High 2 6.367 362 
49 3 2011 6/28/2011 179 2 Low 3 5.513 362 
49 3 2011 6/28/2011 179 2 Control 4 7.673 362 
49 3 2011 6/28/2011 179 1 Control 5 6.757 362 
49 3 2011 6/28/2011 179 1 High 6 8.743 362 
61 3 2011 7/10/2011 191 1 Low 1 4.25 370 
61 3 2011 7/10/2011 191 2 High 2 4.36 370 
61 3 2011 7/10/2011 191 2 Low 3 3.163 370 
61 3 2011 7/10/2011 191 2 Control 4 6.91 370 
61 3 2011 7/10/2011 191 1 Control 5 4.237 370 
61 3 2011 7/10/2011 191 1 High 6 5.973 370 
68 3 2011 7/17/2011 198 1 Low 1 2.493 362 
68 3 2011 7/17/2011 198 2 High 2 3.587 362 
68 3 2011 7/17/2011 198 2 Low 3 3.44 362 
68 3 2011 7/17/2011 198 2 Control 4 5.963 362 
68 3 2011 7/17/2011 198 1 Control 5 3.717 362 
68 3 2011 7/17/2011 198 1 High 6 4.303 362 
75 3 2011 7/24/2011 205 1 Low 1 4.02 353 
75 3 2011 7/24/2011 205 2 High 2 4.86 353 
75 3 2011 7/24/2011 205 2 Low 3 4.163 353 
75 3 2011 7/24/2011 205 2 Control 4 4.497 353 
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75 3 2011 7/24/2011 205 1 Control 5 3.407 353 
75 3 2011 7/24/2011 205 1 High 6 4.31 353 
80 3 2011 7/29/2011 210 1 Low 1 3.087 352 
80 3 2011 7/29/2011 210 2 High 2 2.647 352 
80 3 2011 7/29/2011 210 2 Low 3 1.65 352 
80 3 2011 7/29/2011 210 2 Control 4 3.18 352 
80 3 2011 7/29/2011 210 1 Control 5 2.08 352 
80 3 2011 7/29/2011 210 1 High 6 2.687 352 
89 3 2011 8/7/2011 219 1 Low 1 7.703 347 
89 3 2011 8/7/2011 219 2 High 2 8.807 347 
89 3 2011 8/7/2011 219 2 Low 3 10.053 347 
89 3 2011 8/7/2011 219 2 Control 4 5.94 347 
89 3 2011 8/7/2011 219 1 Control 5 4.163 347 
89 3 2011 8/7/2011 219 1 High 6 9.553 347 
96 3 2011 8/14/2011 226 1 Low 1 13.933 358 
96 3 2011 8/14/2011 226 2 High 2 15.967 358 
96 3 2011 8/14/2011 226 2 Low 3 15.2 358 
96 3 2011 8/14/2011 226 2 Control 4 9.717 358 
96 3 2011 8/14/2011 226 1 Control 5 9.427 358 
96 3 2011 8/14/2011 226 1 High 6 13.833 358 
103 3 2011 8/21/2011 233 1 Low 1 11.9 342 
103 3 2011 8/21/2011 233 2 High 2 11.513 342 
103 3 2011 8/21/2011 233 2 Low 3 8.617 342 
103 3 2011 8/21/2011 233 2 Control 4 11.623 342 
103 3 2011 8/21/2011 233 1 Control 5 10.987 342 
103 3 2011 8/21/2011 233 1 High 6 17.8 342 
109 3 2011 8/27/2011 239 1 Low 1 4.713 354 
109 3 2011 8/27/2011 239 2 High 2 3.933 354 
109 3 2011 8/27/2011 239 2 Low 3 4.26 354 
109 3 2011 8/27/2011 239 2 Control 4 5.223 354 
109 3 2011 8/27/2011 239 1 Control 5 5.203 354 
109 3 2011 8/27/2011 239 1 High 6 7.257 354 
118 3 2011 9/5/2011 248 1 Low 1 0.836 287 
118 3 2011 9/5/2011 248 2 High 2 1.563 287 
118 3 2011 9/5/2011 248 2 Low 3 0.84 287 
118 3 2011 9/5/2011 248 2 Control 4 2.36 287 
118 3 2011 9/5/2011 248 1 Control 5 2.057 287 
118 3 2011 9/5/2011 248 1 High 6 2.137 287 
124 3 2011 9/11/2011 254 1 Low 1 0.822 312 
124 3 2011 9/11/2011 254 2 High 2 1.227 312 
124 3 2011 9/11/2011 254 2 Low 3 0.653 312 
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124 3 2011 9/11/2011 254 2 Control 4 1.68 312 
124 3 2011 9/11/2011 254 1 Control 5 1.388 312 
124 3 2011 9/11/2011 254 1 High 6 1.34 312 
138 3 2011 9/25/2011 268 1 Low 1 4.637 309 
138 3 2011 9/25/2011 268 2 High 2 4.657 309 
138 3 2011 9/25/2011 268 2 Low 3 3.377 309 
138 3 2011 9/25/2011 268 2 Control 4 4.553 309 
138 3 2011 9/25/2011 268 1 Control 5 3.543 309 
138 3 2011 9/25/2011 268 1 High 6 4.347 309 
145 3 2011 10/2/2011 275 1 Low 1 4.16 320 
145 3 2011 10/2/2011 275 2 High 2 4.183 320 
145 3 2011 10/2/2011 275 2 Low 3 3.277 320 
145 3 2011 10/2/2011 275 2 Control 4 4.303 320 
145 3 2011 10/2/2011 275 1 Control 5 4.237 320 
145 3 2011 10/2/2011 275 1 High 6 3.447 320 
152 3 2011 10/9/2011 282 1 Low 1 5.697 293 
152 3 2011 10/9/2011 282 2 High 2 4.73 293 
152 3 2011 10/9/2011 282 2 Low 3 5.093 293 
152 3 2011 10/9/2011 282 2 Control 4 3.823 293 
152 3 2011 10/9/2011 282 1 Control 5 4.33 293 
152 3 2011 10/9/2011 282 1 High 6 5.247 293 
160 3 2011 10/17/2011 290 1 Low 1 6.56 320 
160 3 2011 10/17/2011 290 2 High 2 6.447 320 
160 3 2011 10/17/2011 290 2 Low 3 5.707 320 
160 3 2011 10/17/2011 290 2 Control 4 4.203 320 
160 3 2011 10/17/2011 290 1 Control 5 5.073 320 
160 3 2011 10/17/2011 290 1 High 6 6.807 320 
167 3 2011 10/23/2011 297 1 Low 1 6.41 327 
167 3 2011 10/23/2011 297 2 High 2 6.42 327 
167 3 2011 10/23/2011 297 2 Low 3 5.08 327 
167 3 2011 10/23/2011 297 2 Control 4 4.13 327 
167 3 2011 10/23/2011 297 1 Control 5 4.37 327 
167 3 2011 10/23/2011 297 1 High 6 5.067 327 
173 3 2011 10/30/2011 303 1 Low 1 4.413 326 
173 3 2011 10/30/2011 303 2 High 2 2.69 326 
173 3 2011 10/30/2011 303 2 Low 3 3.28 326 
173 3 2011 10/30/2011 303 2 Control 4 2.123 326 
173 3 2011 10/30/2011 303 1 Control 5 2.513 326 
173 3 2011 10/30/2011 303 1 High 6 3.49 326 
187 3 2011 11/13/2011 317 1 Low 1 5.377 320 
187 3 2011 11/13/2011 317 2 High 2 4.197 320 
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187 3 2011 11/13/2011 317 2 Low 3 3.487 320 
187 3 2011 11/13/2011 317 2 Control 4 2.873 320 
187 3 2011 11/13/2011 317 1 Control 5 3.207 320 
187 3 2011 11/13/2011 317 1 High 6 4.083 320 
201 3 2011 11/27/2011 331 1 Low 1 1.683 330 
201 3 2011 11/27/2011 331 2 High 2 0.969 330 
201 3 2011 11/27/2011 331 2 Low 3 2.152 330 
201 3 2011 11/27/2011 331 2 Control 4 1.837 330 
201 3 2011 11/27/2011 331 1 Control 5 1.065 330 
201 3 2011 11/27/2011 331 1 High 6 2 330 
222 3 2011 12/18/2011 352 1 Low 1 1.81 337 
222 3 2011 12/18/2011 352 2 High 2 1.018 337 
222 3 2011 12/18/2011 352 2 Low 3 1.098 337 
222 3 2011 12/18/2011 352 2 Control 4 0.966 337 
222 3 2011 12/18/2011 352 1 Control 5 1.023 337 
222 3 2011 12/18/2011 352 1 High 6 1.953 337 
235 3 2011 12/31/2011 365 1 Low 1 1.993 327 
235 3 2011 12/31/2011 365 2 High 2 1.817 327 
235 3 2011 12/31/2011 365 2 Low 3 1.347 327 
235 3 2011 12/31/2011 365 2 Control 4 1.123 327 
235 3 2011 12/31/2011 365 1 Control 5 1.853 327 
235 3 2011 12/31/2011 365 1 High 6 1.67 327 
250 3 2012 1/15/2012 15 1 Low 1 1.326 330 
250 3 2012 1/15/2012 15 2 High 2 1.46 330 
250 3 2012 1/15/2012 15 2 Low 3 1.92 330 
250 3 2012 1/15/2012 15 2 Control 4 1.187 330 
250 3 2012 1/15/2012 15 1 Control 5 1.628 330 
250 3 2012 1/15/2012 15 1 High 6 1.37 330 
264 3 2012 1/29/2012 29 1 Low 1 1.427 329 
264 3 2012 1/29/2012 29 2 High 2 1.9 329 
264 3 2012 1/29/2012 29 2 Low 3 1.711 329 
264 3 2012 1/29/2012 29 2 Control 4 1.361 329 
264 3 2012 1/29/2012 29 1 Control 5 1.551 329 
264 3 2012 1/29/2012 29 1 High 6 1.627 329 
320 3 2012 3/25/2012 85 1 Low 1 5.057 345 
320 3 2012 3/25/2012 85 2 High 2 7.26 345 
320 3 2012 3/25/2012 85 2 Low 3 5.183 345 
320 3 2012 3/25/2012 85 2 Control 4 5.123 345 
320 3 2012 3/25/2012 85 1 Control 5 4.037 345 
320 3 2012 3/25/2012 85 1 High 6 5.91 345 
327 3 2012 4/1/2012 92 1 Low 1 8.257 313 
323 
 
327 3 2012 4/1/2012 92 2 High 2 9.947 313 
327 3 2012 4/1/2012 92 2 Low 3 8.063 313 
327 3 2012 4/1/2012 92 2 Control 4 7.08 313 
327 3 2012 4/1/2012 92 1 Control 5 6.347 313 
327 3 2012 4/1/2012 92 1 High 6 10.467 313 
334 3 2012 4/8/2012 99 1 Low 1 9.997 324 
334 3 2012 4/8/2012 99 2 High 2 12.6 324 
334 3 2012 4/8/2012 99 2 Low 3 8.87 324 
334 3 2012 4/8/2012 99 2 Control 4 8.677 324 
334 3 2012 4/8/2012 99 1 Control 5 6.71 324 
334 3 2012 4/8/2012 99 1 High 6 10.68 324 
341 3 2012 4/15/2012 106 1 Low 1 4.703 320 
341 3 2012 4/15/2012 106 2 High 2 6.41 320 
341 3 2012 4/15/2012 106 2 Low 3 4.373 320 
341 3 2012 4/15/2012 106 2 Control 4 4.94 320 
341 3 2012 4/15/2012 106 1 Control 5 5.933 320 
341 3 2012 4/15/2012 106 1 High 6 5.423 320 
347 3 2012 4/21/2012 112 1 Low 1 6.43 322 
347 3 2012 4/21/2012 112 2 High 2 9.017 322 
347 3 2012 4/21/2012 112 2 Low 3 4.847 322 
347 3 2012 4/21/2012 112 2 Control 4 6.3 322 
347 3 2012 4/21/2012 112 1 Control 5 4.547 322 
347 3 2012 4/21/2012 112 1 High 6 8.597 322 
354 3 2012 4/28/2012 119 1 Low 1 6.817 318 
354 3 2012 4/28/2012 119 2 High 2 5.083 318 
354 3 2012 4/28/2012 119 2 Low 3 6.82 318 
354 3 2012 4/28/2012 119 2 Control 4 5.58 318 
354 3 2012 4/28/2012 119 1 Control 5 8.89 318 
354 3 2012 4/28/2012 119 1 High 6 8.673 318 
361 3 2012 5/5/2012 126 1 Low 1 10.15 313 
361 3 2012 5/5/2012 126 2 High 2 7.673 313 
361 3 2012 5/5/2012 126 2 Low 3 9.947 313 
361 3 2012 5/5/2012 126 2 Control 4 8.013 313 
361 3 2012 5/5/2012 126 1 Control 5 10.053 313 
361 3 2012 5/5/2012 126 1 High 6 13 313 
 
  
324 
 
10cm T VWC 2cm T 
0-
10BlkD WFPS Date Plot 
(oC) (cm3/cm3) (oC) (g/cm3) (cm3/cm3) 
 
# 
17.467 0.382 21.6 1.23 0.714 5/6/2009 1 
18.21 0.384 22.867 1.32 0.764 5/6/2009 2 
18.197 0.389 23.767 1.29 0.759 5/6/2009 3 
18.07 0.329 22.167 1.29 0.64 5/6/2009 4 
17.523 0.469 20.5 1.15 0.829 5/6/2009 5 
17.723 0.398 22.367 1.19 0.722 5/6/2009 6 
19.39 0.342 21.1 1.23 0.638 5/12/2009 1 
19.24 0.328 21.233 1.32 0.654 5/12/2009 2 
19.13 0.341 21.033 1.29 0.665 5/12/2009 3 
18.823 0.291 20.467 1.29 0.566 5/12/2009 4 
18.587 0.423 20.033 1.15 0.747 5/12/2009 5 
19.597 0.37 21.467 1.19 0.672 5/12/2009 6 
20.513 0.264 24.033 1.23 0.493 5/21/2009 1 
20.637 0.248 23.9 1.32 0.495 5/21/2009 2 
19.58 0.238 24.467 1.29 0.464 5/21/2009 3 
19.777 0.228 24.233 1.29 0.444 5/21/2009 4 
20.03 0.318 23.367 1.15 0.561 5/21/2009 5 
19.987 0.28 22.533 1.19 0.508 5/21/2009 6 
20.14 0.234 22 1.23 0.437 6/6/2009 1 
19.453 0.204 22.4 1.32 0.406 6/6/2009 2 
20.947 0.225 22.667 1.29 0.438 6/6/2009 3 
20.86 0.255 24.033 1.29 0.498 6/6/2009 4 
20.16 0.292 22.733 1.15 0.515 6/6/2009 5 
18.99 0.245 21.3 1.19 0.445 6/6/2009 6 
22.38 0.28 25.267 1.23 0.523 6/11/2009 1 
22.887 0.243 26.233 1.32 0.485 6/11/2009 2 
22.77 0.28 24.967 1.29 0.546 6/11/2009 3 
22.967 0.304 26.233 1.29 0.592 6/11/2009 4 
23.297 0.325 25.933 1.15 0.575 6/11/2009 5 
22.543 0.264 24.533 1.19 0.479 6/11/2009 6 
24.513 0.276 27.367 1.23 0.514 6/18/2009 1 
25.623 0.261 29.2 1.32 0.519 6/18/2009 2 
25.633 0.258 28.233 1.29 0.503 6/18/2009 3 
25.81 0.299 28.867 1.29 0.583 6/18/2009 4 
25.737 0.335 28.467 1.15 0.591 6/18/2009 5 
26.02 0.265 28.567 1.19 0.481 6/18/2009 6 
26.033 0.06 29.667 1.23 0.112 6/25/2009 1 
25.163 0.097 28.833 1.32 0.194 6/25/2009 2 
325 
 
26.303 0.122 29.3 1.29 0.237 6/25/2009 3 
26.03 0.16 29.733 1.29 0.312 6/25/2009 4 
26.033 0.159 29.5 1.15 0.281 6/25/2009 5 
25.31 0.095 28.033 1.19 0.172 6/25/2009 6 
24.167 . 26.8 1.23 . 7/2/2009 1 
23.36 . 25.733 1.32 . 7/2/2009 2 
23.883 . 26.467 1.29 . 7/2/2009 3 
24.377 . 26.967 1.29 . 7/2/2009 4 
24.027 . 26.767 1.15 . 7/2/2009 5 
23.287 . 25.233 1.19 . 7/2/2009 6 
25.507 0.195 27.6 1.23 0.364 7/9/2009 1 
25.023 0.173 26.367 1.32 0.345 7/9/2009 2 
25.45 0.22 27 1.29 0.429 7/9/2009 3 
25.54 0.236 27.267 1.29 0.459 7/9/2009 4 
25.707 0.231 26.867 1.15 0.409 7/9/2009 5 
25.39 0.22 27.333 1.19 0.399 7/9/2009 6 
27.033 0.083 28 1.23 0.156 7/16/2009 1 
27.16 0.065 27.667 1.32 0.13 7/16/2009 2 
27.237 0.092 27.833 1.29 0.179 7/16/2009 3 
27.377 0.143 27.867 1.29 0.279 7/16/2009 4 
26.94 0.109 27.6 1.15 0.192 7/16/2009 5 
27.297 0.128 27.967 1.19 0.232 7/16/2009 6 
22.733 0.187 26.033 1.23 0.348 7/23/2009 1 
22.59 0.196 25.733 1.32 0.39 7/23/2009 2 
23.043 0.193 25.9 1.29 0.376 7/23/2009 3 
22.797 0.226 26.567 1.29 0.44 7/23/2009 4 
23.143 0.205 27 1.15 0.362 7/23/2009 5 
22.817 0.239 24.9 1.19 0.434 7/23/2009 6 
22.397 0.205 25.467 1.23 0.383 7/31/2009 1 
22.22 0.234 24.933 1.32 0.467 7/31/2009 2 
22.363 0.245 24.067 1.29 0.477 7/31/2009 3 
21.987 0.258 24.7 1.29 0.503 7/31/2009 4 
21.9 0.252 24.1 1.15 0.445 7/31/2009 5 
22.253 0.263 23.967 1.19 0.477 7/31/2009 6 
24.33 0.269 28.433 1.23 0.503 8/6/2009 1 
24.003 0.243 27.133 1.32 0.484 8/6/2009 2 
24.413 0.293 26.5 1.29 0.57 8/6/2009 3 
24.153 0.286 26.6 1.29 0.557 8/6/2009 4 
24.05 0.304 26.533 1.15 0.536 8/6/2009 5 
24.543 0.303 27.667 1.19 0.55 8/6/2009 6 
23.983 0.223 25.433 1.23 0.416 8/13/2009 1 
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23.327 0.212 25.467 1.32 0.423 8/13/2009 2 
23.48 0.243 24.733 1.29 0.473 8/13/2009 3 
23.663 0.265 25.033 1.29 0.516 8/13/2009 4 
23.887 0.26 25.467 1.15 0.459 8/13/2009 5 
24.197 0.264 25.533 1.19 0.48 8/13/2009 6 
23.237 0.099 25.433 1.23 0.185 8/27/2009 1 
22.95 0.096 24.367 1.32 0.191 8/27/2009 2 
23.303 0.148 24.6 1.29 0.288 8/27/2009 3 
23.797 0.149 25.367 1.29 0.29 8/27/2009 4 
23.733 0.111 25.1 1.15 0.196 8/27/2009 5 
23.207 0.183 24.033 1.19 0.333 8/27/2009 6 
19.92 0.223 21.067 1.23 0.416 9/3/2009 1 
19.643 0.231 20.767 1.32 0.46 9/3/2009 2 
20.193 0.272 21.867 1.29 0.531 9/3/2009 3 
20.207 0.266 21.433 1.29 0.518 9/3/2009 4 
20.037 0.25 21.133 1.15 0.441 9/3/2009 5 
20 0.291 21.167 1.19 0.529 9/3/2009 6 
20.907 0.29 20.467 1.23 0.542 9/17/2009 1 
20.973 0.279 21.433 1.32 0.555 9/17/2009 2 
20.833 0.334 20.967 1.29 0.651 9/17/2009 3 
20.84 0.347 21.067 1.29 0.675 9/17/2009 4 
20.82 0.336 20.633 1.15 0.594 9/17/2009 5 
20.643 0.313 20.533 1.19 0.568 9/17/2009 6 
19.743 0.288 20.133 1.23 0.537 9/24/2009 1 
19.497 0.27 20.167 1.32 0.537 9/24/2009 2 
19.627 0.328 19.867 1.29 0.64 9/24/2009 3 
19.58 0.342 20.267 1.29 0.666 9/24/2009 4 
19.593 0.296 20.033 1.15 0.524 9/24/2009 5 
19.077 0.296 20.3 1.19 0.538 9/24/2009 6 
19.05 0.179 19.567 1.23 0.335 10/1/2009 1 
18.857 0.149 19.533 1.32 0.298 10/1/2009 2 
18.987 0.196 19.633 1.29 0.381 10/1/2009 3 
18.66 0.237 19.067 1.29 0.461 10/1/2009 4 
18.75 0.234 19.067 1.15 0.413 10/1/2009 5 
18.897 0.201 19.733 1.19 0.365 10/1/2009 6 
17.76 0.269 18.267 1.23 0.503 10/8/2009 1 
17.553 0.33 17.867 1.32 0.657 10/8/2009 2 
17.69 0.286 18.3 1.29 0.558 10/8/2009 3 
17.797 0.337 18.6 1.29 0.657 10/8/2009 4 
17.61 0.353 17.967 1.15 0.623 10/8/2009 5 
17.577 0.322 18.267 1.19 0.584 10/8/2009 6 
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16.333 0.319 15.133 1.23 0.595 10/15/2009 1 
16.31 0.378 15.033 1.32 0.753 10/15/2009 2 
16.477 0.324 15.333 1.29 0.631 10/15/2009 3 
16.503 0.334 15.233 1.29 0.651 10/15/2009 4 
16.623 0.399 15.4 1.15 0.705 10/15/2009 5 
16.557 0.379 15.067 1.19 0.687 10/15/2009 6 
13.96 0.321 14.7 1.23 0.598 10/28/2009 1 
13.82 0.359 15.267 1.32 0.716 10/28/2009 2 
14.12 0.317 14.933 1.29 0.618 10/28/2009 3 
14.363 0.321 15.9 1.29 0.625 10/28/2009 4 
14.377 0.362 15.167 1.15 0.64 10/28/2009 5 
14.277 0.345 15.333 1.19 0.626 10/28/2009 6 
13.317 0.271 13.533 1.23 0.505 11/5/2009 1 
12.403 0.23 12.733 1.32 0.458 11/5/2009 2 
12.8 0.291 12.533 1.29 0.567 11/5/2009 3 
12.827 0.292 13.8 1.29 0.569 11/5/2009 4 
13.66 0.342 14.533 1.15 0.604 11/5/2009 5 
13.383 0.341 13.8 1.19 0.618 11/5/2009 6 
13.94 0.245 13.9 1.23 0.457 11/12/2009 1 
13.547 0.195 14.133 1.32 0.388 11/12/2009 2 
13.58 0.23 13.8 1.29 0.448 11/12/2009 3 
13.373 0.264 13.667 1.29 0.514 11/12/2009 4 
14.173 0.305 14.167 1.15 0.539 11/12/2009 5 
13.883 0.289 14.167 1.19 0.525 11/12/2009 6 
11.197 0.299 10.667 1.23 0.559 11/19/2009 1 
10.573 0.279 10.833 1.32 0.555 11/19/2009 2 
10.5 0.351 10.1 1.29 0.684 11/19/2009 3 
10.313 0.311 10.333 1.29 0.607 11/19/2009 4 
11.317 0.346 11.267 1.15 0.612 11/19/2009 5 
10.887 0.341 10.933 1.19 0.618 11/19/2009 6 
7.58 0.285 5.367 1.23 0.531 12/3/2009 1 
6.803 0.25 3.533 1.32 0.499 12/3/2009 2 
7.4 0.297 4 1.29 0.579 12/3/2009 3 
6.54 0.301 3.567 1.29 0.587 12/3/2009 4 
7.79 0.327 5.167 1.15 0.578 12/3/2009 5 
7.1 0.322 4.233 1.19 0.585 12/3/2009 6 
7.673 0.279 8.167 1.23 0.52 12/14/2009 1 
7.82 0.272 8.333 1.32 0.543 12/14/2009 2 
7.707 0.317 8.267 1.29 0.618 12/14/2009 3 
7.773 0.314 8.333 1.29 0.612 12/14/2009 4 
7.897 0.331 8.3 1.15 0.585 12/14/2009 5 
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7.74 0.321 8.2 1.19 0.583 12/14/2009 6 
5.053 0.324 5.6 1.23 0.605 12/17/2009 1 
5.347 0.279 5.233 1.32 0.556 12/17/2009 2 
5.863 0.316 5.2 1.29 0.616 12/17/2009 3 
5.833 0.323 6.167 1.29 0.629 12/17/2009 4 
5.483 0.323 4.8 1.15 0.571 12/17/2009 5 
5.073 0.314 5.1 1.19 0.57 12/17/2009 6 
5.57 0.358 5.333 1.23 0.669 12/31/2009 1 
5.51 0.3 5.3 1.32 0.598 12/31/2009 2 
5.013 0.356 4.267 1.29 0.694 12/31/2009 3 
5.3 0.341 4.833 1.29 0.664 12/31/2009 4 
5.417 0.368 4.867 1.15 0.65 12/31/2009 5 
5.37 0.36 5.233 1.19 0.653 12/31/2009 6 
8.563 0.344 11.4 1.23 0.641 1/19/2010 1 
8.317 0.346 11 1.32 0.689 1/19/2010 2 
8.797 0.328 11.867 1.29 0.639 1/19/2010 3 
8.433 0.335 11.2 1.29 0.653 1/19/2010 4 
8.817 0.351 11.167 1.15 0.62 1/19/2010 5 
8.683 0.331 11.4 1.19 0.6 1/19/2010 6 
13.893 0.248 16.9 1.23 0.463 4/11/2010 1 
14.14 0.223 16.833 1.32 0.444 4/11/2010 2 
14.66 0.224 16.867 1.29 0.436 4/11/2010 3 
15.02 0.253 17.367 1.29 0.493 4/11/2010 4 
14.86 0.279 15.333 1.15 0.493 4/11/2010 5 
14.183 0.207 14.5 1.19 0.376 4/11/2010 6 
14.07 0.146 14.233 1.23 0.272 4/18/2010 1 
13.727 0.098 13.7 1.32 0.196 4/18/2010 2 
13.733 0.126 13.867 1.29 0.245 4/18/2010 3 
13.91 0.166 14.2 1.29 0.324 4/18/2010 4 
13.84 0.195 13.8 1.15 0.344 4/18/2010 5 
13.767 0.102 13.567 1.19 0.186 4/18/2010 6 
13.543 0.262 14.867 1.23 0.488 4/27/2010 1 
14.003 0.228 15.667 1.32 0.454 4/27/2010 2 
13.53 0.274 15.067 1.29 0.533 4/27/2010 3 
14.77 0.3 16.467 1.29 0.584 4/27/2010 4 
13.81 0.311 14.733 1.15 0.549 4/27/2010 5 
13.587 0.252 14.5 1.19 0.457 4/27/2010 6 
19.08 0.296 23 1.23 0.552 5/18/2010 1 
19.663 0.283 23.1 1.32 0.564 5/18/2010 2 
19.66 0.308 22.267 1.29 0.601 5/18/2010 3 
19.217 0.294 22.733 1.29 0.574 5/18/2010 4 
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19.413 0.364 21.333 1.15 0.643 5/18/2010 5 
19.763 0.311 24.233 1.19 0.565 5/18/2010 6 
20.64 0.331 22.933 1.23 0.617 5/26/2010 1 
20.63 0.301 22.767 1.32 0.6 5/26/2010 2 
20.99 0.338 23.3 1.29 0.658 5/26/2010 3 
20.77 0.324 23.833 1.29 0.631 5/26/2010 4 
21.26 0.378 23.5 1.15 0.668 5/26/2010 5 
21.187 0.348 23.167 1.19 0.632 5/26/2010 6 
22.237 0.196 24.767 1.23 0.365 6/3/2010 1 
21.973 0.19 23.833 1.32 0.379 6/3/2010 2 
22.91 0.212 25.6 1.29 0.412 6/3/2010 3 
22.397 0.258 24.533 1.29 0.503 6/3/2010 4 
22.967 0.238 24.9 1.15 0.42 6/3/2010 5 
21.673 0.247 24.167 1.19 0.449 6/3/2010 6 
23.407 0.201 23.667 1.23 0.374 6/9/2010 1 
23.42 0.218 23.633 1.32 0.434 6/9/2010 2 
23.603 0.2 24.267 1.29 0.389 6/9/2010 3 
24.017 0.28 24.533 1.29 0.546 6/9/2010 4 
23.637 0.298 23.867 1.15 0.527 6/9/2010 5 
23.593 0.22 23.767 1.19 0.399 6/9/2010 6 
24.337 0.121 28.667 1.23 0.226 6/16/2010 1 
24.077 0.143 27.233 1.32 0.285 6/16/2010 2 
23.653 0.152 27.467 1.29 0.297 6/16/2010 3 
24.527 0.208 27.833 1.29 0.405 6/16/2010 4 
24.267 0.228 27.133 1.15 0.402 6/16/2010 5 
24.01 0.177 26.767 1.19 0.322 6/16/2010 6 
27.017 0.061 30.1 1.23 0.114 6/23/2010 1 
26.837 0.109 31.167 1.32 0.218 6/23/2010 2 
26.403 0.085 31.433 1.29 0.166 6/23/2010 3 
26.517 0.124 29.333 1.29 0.241 6/23/2010 4 
26.02 0.098 28.7 1.15 0.173 6/23/2010 5 
26.15 0.117 29.067 1.19 0.212 6/23/2010 6 
25.163 0.102 27.667 1.23 0.191 6/30/2010 1 
26.437 0.145 30.167 1.32 0.288 6/30/2010 2 
24.393 0.105 26.3 1.29 0.204 6/30/2010 3 
25.18 0.141 27.233 1.29 0.275 6/30/2010 4 
24.813 0.123 26.467 1.15 0.217 6/30/2010 5 
23.913 0.153 24.967 1.19 0.277 6/30/2010 6 
25.08 0.114 25.833 1.23 0.212 7/7/2010 1 
24.643 0.129 25.867 1.32 0.258 7/7/2010 2 
24.787 0.101 26.1 1.29 0.197 7/7/2010 3 
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24.723 0.124 26.233 1.29 0.241 7/7/2010 4 
24.713 0.113 25.9 1.15 0.199 7/7/2010 5 
24.557 0.133 25.967 1.19 0.242 7/7/2010 6 
27.727 0.287 30.333 1.23 0.535 7/14/2010 1 
26.94 0.268 29.367 1.32 0.534 7/14/2010 2 
27.227 0.324 29.867 1.29 0.631 7/14/2010 3 
27.203 0.323 30.2 1.29 0.629 7/14/2010 4 
26.99 0.346 30.667 1.15 0.611 7/14/2010 5 
26.983 0.328 29.6 1.19 0.595 7/14/2010 6 
27.023 0.269 28.733 1.23 0.503 7/21/2010 1 
25.743 0.267 27 1.32 0.532 7/21/2010 2 
26.877 0.268 28.133 1.29 0.522 7/21/2010 3 
27.213 0.295 28.367 1.29 0.575 7/21/2010 4 
27.49 0.349 29.033 1.15 0.617 7/21/2010 5 
26.483 0.331 27.833 1.19 0.6 7/21/2010 6 
25.917 0.222 27.733 1.23 0.415 7/28/2010 1 
24.877 0.197 26.233 1.32 0.393 7/28/2010 2 
26.4 0.239 28.367 1.29 0.466 7/28/2010 3 
26.767 0.22 28.433 1.29 0.429 7/28/2010 4 
26.677 0.279 28.2 1.15 0.492 7/28/2010 5 
25.787 0.271 26.8 1.19 0.491 7/28/2010 6 
26.34 0.08 31.367 1.23 0.149 8/4/2010 1 
26.02 0.099 30.7 1.32 0.198 8/4/2010 2 
26.59 0.133 32.433 1.29 0.26 8/4/2010 3 
26.16 0.132 28.8 1.29 0.257 8/4/2010 4 
26.367 0.104 30.033 1.15 0.183 8/4/2010 5 
25.877 0.105 28.867 1.19 0.191 8/4/2010 6 
25.997 0.045 31.433 1.23 0.085 8/12/2010 1 
25.65 0.074 29.933 1.32 0.147 8/12/2010 2 
26.61 0.076 29.767 1.29 0.148 8/12/2010 3 
26.983 0.089 30.2 1.29 0.173 8/12/2010 4 
26.923 0.055 30.667 1.15 0.098 8/12/2010 5 
26.523 0.056 30.167 1.19 0.102 8/12/2010 6 
24.567 0.032 31 1.23 0.059 8/19/2010 1 
23.917 0.05 28.033 1.32 0.1 8/19/2010 2 
24.403 0.05 29.233 1.29 0.097 8/19/2010 3 
25.2 0.058 30.067 1.29 0.114 8/19/2010 4 
25.693 0.036 31.6 1.15 0.064 8/19/2010 5 
25.017 0.031 29.067 1.19 0.056 8/19/2010 6 
26.53 0.023 31.5 1.23 0.043 8/23/2010 1 
25.373 0.05 29.5 1.32 0.1 8/23/2010 2 
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26.357 0.044 30.333 1.29 0.086 8/23/2010 3 
26.147 0.036 28.733 1.29 0.07 8/23/2010 4 
26.23 0.024 29.4 1.15 0.043 8/23/2010 5 
26.61 0.023 30.8 1.19 0.042 8/23/2010 6 
25.23 0.01 28.633 1.23 0.019 8/30/2010 1 
24.457 0.044 26.733 1.32 0.087 8/30/2010 2 
26.063 0.024 27.5 1.29 0.047 8/30/2010 3 
25.507 0.052 27.833 1.29 0.101 8/30/2010 4 
25.73 0.031 30.667 1.15 0.055 8/30/2010 5 
25.167 0.018 27.5 1.19 0.033 8/30/2010 6 
22.42 0.221 24.8 1.23 0.412 9/5/2010 1 
22.67 0.21 24.6 1.32 0.418 9/5/2010 2 
23.017 0.226 24.533 1.29 0.44 9/5/2010 3 
23.127 0.195 24.467 1.29 0.379 9/5/2010 4 
23.257 0.228 23.5 1.15 0.403 9/5/2010 5 
22.78 0.223 23.6 1.19 0.405 9/5/2010 6 
22.75 0.246 22.733 1.23 0.458 9/13/2010 1 
22.813 0.246 22.8 1.32 0.49 9/13/2010 2 
22.93 0.242 22.867 1.29 0.472 9/13/2010 3 
22.873 0.244 22.967 1.29 0.476 9/13/2010 4 
22.973 0.294 22.833 1.15 0.519 9/13/2010 5 
22.723 0.264 22.567 1.19 0.479 9/13/2010 6 
25.687 0.247 29.933 1.23 0.461 9/20/2010 1 
25.18 0.213 28.6 1.32 0.424 9/20/2010 2 
25.45 0.226 28.133 1.29 0.441 9/20/2010 3 
25.7 0.245 28.033 1.29 0.477 9/20/2010 4 
25.57 0.291 27.2 1.15 0.514 9/20/2010 5 
25.26 0.272 27.133 1.19 0.494 9/20/2010 6 
17.757 0.248 20.967 1.23 0.462 9/27/2010 1 
17.817 0.272 18.633 1.32 0.543 9/27/2010 2 
17.523 0.262 19.733 1.29 0.51 9/27/2010 3 
17.84 0.298 18.967 1.29 0.58 9/27/2010 4 
17.417 0.28 18.7 1.15 0.495 9/27/2010 5 
18.047 0.299 19.4 1.19 0.543 9/27/2010 6 
16.227 0.164 17.4 1.23 0.307 10/3/2010 1 
16.7 0.174 15.533 1.32 0.346 10/3/2010 2 
15.647 0.188 17.033 1.29 0.367 10/3/2010 3 
16.073 0.233 16.567 1.29 0.453 10/3/2010 4 
15.183 0.198 15.867 1.15 0.35 10/3/2010 5 
16.393 0.198 16.733 1.19 0.359 10/3/2010 6 
14.673 0.063 19.067 1.23 0.118 10/15/2010 1 
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15.01 0.065 17 1.32 0.13 10/15/2010 2 
15.447 0.081 19 1.29 0.158 10/15/2010 3 
15.14 0.118 18.333 1.29 0.23 10/15/2010 4 
15.02 0.085 18.667 1.15 0.15 10/15/2010 5 
15.05 0.126 17.033 1.19 0.228 10/15/2010 6 
16.553 0.145 17.8 1.23 0.271 10/22/2010 1 
16.477 0.151 17.667 1.32 0.3 10/22/2010 2 
16.293 0.169 18.1 1.29 0.329 10/22/2010 3 
16.857 0.177 17.633 1.29 0.344 10/22/2010 4 
16.73 0.162 17.5 1.15 0.286 10/22/2010 5 
17.057 0.193 17.433 1.19 0.35 10/22/2010 6 
13.99 0.132 15.833 1.23 0.246 11/1/2010 1 
14.297 0.122 15.533 1.32 0.242 11/1/2010 2 
13.853 0.186 16.1 1.29 0.362 11/1/2010 3 
13.84 0.187 15.933 1.29 0.364 11/1/2010 4 
13.77 0.18 14.5 1.15 0.317 11/1/2010 5 
14.107 0.193 14.7 1.19 0.351 11/1/2010 6 
10.107 0.121 12.267 1.23 0.226 11/7/2010 1 
9.813 0.12 11.6 1.32 0.24 11/7/2010 2 
10.58 0.092 13.367 1.29 0.18 11/7/2010 3 
10.223 0.166 12.167 1.29 0.323 11/7/2010 4 
10.523 0.173 12.3 1.15 0.305 11/7/2010 5 
10.597 0.111 13.967 1.19 0.201 11/7/2010 6 
10.21 0.131 12.9 1.23 0.245 11/20/2010 1 
10.207 0.149 12.633 1.32 0.298 11/20/2010 2 
9.993 0.129 12.333 1.29 0.251 11/20/2010 3 
9.677 0.168 11.533 1.29 0.327 11/20/2010 4 
10.46 0.162 12.367 1.15 0.286 11/20/2010 5 
10.107 0.122 13.433 1.19 0.221 11/20/2010 6 
5.993 0.244 9.133 1.23 0.456 12/3/2010 1 
6.607 0.235 8.8 1.32 0.468 12/3/2010 2 
7.343 0.226 9.3 1.29 0.44 12/3/2010 3 
5.937 0.268 8.6 1.29 0.523 12/3/2010 4 
5.86 0.281 7.933 1.15 0.496 12/3/2010 5 
5.263 0.234 8.133 1.19 0.425 12/3/2010 6 
4.393 0.247 4.867 1.23 0.462 1/17/2011 1 
4.405 0.24 4.9 1.32 0.478 1/17/2011 2 
4.277 0.222 3.833 1.29 0.432 1/17/2011 3 
4.253 0.284 3.8 1.29 0.554 1/17/2011 4 
4.503 0.296 4.233 1.15 0.523 1/17/2011 5 
4.18 0.234 4.567 1.19 0.424 1/17/2011 6 
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7.973 0.311 8.633 1.23 0.58 3/15/2011 1 
7.75 0.323 8.133 1.32 0.644 3/15/2011 2 
7.17 0.355 8.133 1.29 0.692 3/15/2011 3 
6.22 0.343 8.233 1.29 0.668 3/15/2011 4 
6.65 0.351 7.467 1.15 0.62 3/15/2011 5 
8.017 0.305 8.433 1.19 0.554 3/15/2011 6 
9.433 0.278 14.3 1.23 0.518 4/2/2011 1 
9.197 0.258 11.867 1.32 0.513 4/2/2011 2 
9.537 0.299 12.9 1.29 0.583 4/2/2011 3 
9.757 0.31 13.867 1.29 0.603 4/2/2011 4 
9.577 0.317 13.433 1.15 0.56 4/2/2011 5 
9.243 0.245 13.567 1.19 0.445 4/2/2011 6 
10.59 0.31 13.333 1.23 0.579 4/16/2011 1 
10.77 0.28 12.767 1.32 0.557 4/16/2011 2 
10.55 0.296 12.433 1.29 0.577 4/16/2011 3 
11.103 0.321 11.067 1.29 0.626 4/16/2011 4 
10.637 0.319 11.367 1.15 0.564 4/16/2011 5 
10.663 0.25 12.633 1.19 0.453 4/16/2011 6 
15.06 0.322 15.633 1.23 0.601 4/30/2011 1 
14.927 0.324 15.6 1.32 0.646 4/30/2011 2 
15.073 0.281 15.8 1.29 0.548 4/30/2011 3 
15.483 0.284 15.933 1.29 0.554 4/30/2011 4 
15.257 0.384 15.833 1.15 0.679 4/30/2011 5 
14.99 0.37 15.433 1.19 0.672 4/30/2011 6 
14.023 0.318 16.167 1.23 0.593 5/5/2011 1 
13.953 0.306 16.2 1.32 0.609 5/5/2011 2 
13.553 0.295 16.1 1.29 0.575 5/5/2011 3 
13.883 0.302 17.1 1.29 0.588 5/5/2011 4 
14.34 0.39 17.633 1.15 0.69 5/5/2011 5 
13.673 0.364 16.133 1.19 0.66 5/5/2011 6 
17.633 0.279 22 1.23 0.521 5/17/2011 1 
17.833 0.261 23.367 1.32 0.52 5/17/2011 2 
17.29 0.283 20.5 1.29 0.551 5/17/2011 3 
17.527 0.29 21.733 1.29 0.565 5/17/2011 4 
16.777 0.298 19.467 1.15 0.527 5/17/2011 5 
17.117 0.295 21.167 1.19 0.535 5/17/2011 6 
21.377 0.384 22.667 1.23 0.717 5/25/2011 1 
21.407 0.386 23.567 1.32 0.77 5/25/2011 2 
21.407 0.395 23.433 1.29 0.769 5/25/2011 3 
21.487 0.431 23.333 1.29 0.84 5/25/2011 4 
21.383 0.46 23 1.15 0.813 5/25/2011 5 
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21.38 0.421 22.767 1.19 0.764 5/25/2011 6 
21.95 0.138 27.167 1.23 0.258 6/5/2011 1 
21.823 0.114 25.267 1.32 0.227 6/5/2011 2 
21.95 0.164 26.367 1.29 0.319 6/5/2011 3 
23.383 0.177 29.433 1.29 0.346 6/5/2011 4 
23.973 0.187 28.9 1.15 0.331 6/5/2011 5 
21.553 0.224 25.467 1.19 0.407 6/5/2011 6 
23.7 0.209 25.9 1.23 0.389 6/12/2011 1 
23.57 0.173 25.633 1.32 0.344 6/12/2011 2 
23.693 0.172 25.533 1.29 0.336 6/12/2011 3 
24.553 0.211 27.367 1.29 0.411 6/12/2011 4 
23.977 0.216 25.933 1.15 0.381 6/12/2011 5 
24.473 0.177 27.533 1.19 0.321 6/12/2011 6 
25.507 0.081 30.1 1.23 0.151 6/20/2011 1 
25.943 0.072 30.333 1.32 0.143 6/20/2011 2 
26.7 0.075 29.4 1.29 0.146 6/20/2011 3 
26.8 0.102 31.533 1.29 0.199 6/20/2011 4 
25.237 0.113 27.867 1.15 0.2 6/20/2011 5 
26.463 0.098 29.4 1.19 0.177 6/20/2011 6 
27.04 0.042 30.667 1.23 0.078 6/28/2011 1 
27.123 0.037 31.3 1.32 0.074 6/28/2011 2 
27.383 0.033 32.033 1.29 0.064 6/28/2011 3 
27.913 0.062 32.2 1.29 0.121 6/28/2011 4 
27.043 0.053 30.033 1.15 0.093 6/28/2011 5 
27.91 0.028 32.8 1.19 0.051 6/28/2011 6 
27.787 0.012 33.533 1.23 0.022 7/10/2011 1 
27.33 0.034 32.933 1.32 0.068 7/10/2011 2 
27.613 0.045 33.533 1.29 0.088 7/10/2011 3 
27.813 0.024 31.5 1.29 0.046 7/10/2011 4 
27.53 0.064 32.233 1.15 0.114 7/10/2011 5 
28.063 0.01 33.933 1.19 0.018 7/10/2011 6 
27.653 . 33.4 1.23 . 7/17/2011 1 
27.24 . 32.333 1.32 . 7/17/2011 2 
27.66 . 30.7 1.29 . 7/17/2011 3 
28.453 . 29.833 1.29 . 7/17/2011 4 
28.307 . 34.567 1.15 . 7/17/2011 5 
28.55 . 35.533 1.19 . 7/17/2011 6 
27.53 0.05 30.567 1.23 0.094 7/24/2011 1 
27.253 0.052 30.733 1.32 0.104 7/24/2011 2 
27.39 0.063 30.4 1.29 0.123 7/24/2011 3 
28.48 0.048 30.633 1.29 0.093 7/24/2011 4 
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28.543 0.06 31.233 1.15 0.107 7/24/2011 5 
28.453 0.034 31.867 1.19 0.062 7/24/2011 6 
28.46 0.015 35.633 1.23 0.028 7/29/2011 1 
27.907 0.03 34.167 1.32 0.06 7/29/2011 2 
28.507 0.033 35.767 1.29 0.064 7/29/2011 3 
29.35 0.037 35.4 1.29 0.071 7/29/2011 4 
30.223 0.037 37.667 1.15 0.065 7/29/2011 5 
30.827 0.014 40.533 1.19 0.025 7/29/2011 6 
30.71 0.024 31.267 1.23 0.045 8/7/2011 1 
30.037 0.052 32.2 1.32 0.104 8/7/2011 2 
29.903 0.032 31.633 1.29 0.062 8/7/2011 3 
30.013 0.051 31.6 1.29 0.099 8/7/2011 4 
30.477 0.044 32.367 1.15 0.077 8/7/2011 5 
29.213 0.068 29.867 1.19 0.124 8/7/2011 6 
33.353 0.25 28.767 1.23 0.467 8/14/2011 1 
34.12 0.246 28.4 1.32 0.49 8/14/2011 2 
35.13 0.256 28.1 1.29 0.499 8/14/2011 3 
35.823 0.261 27.833 1.29 0.509 8/14/2011 4 
31.257 0.284 27.633 1.15 0.502 8/14/2011 5 
32.837 0.255 27.133 1.19 0.462 8/14/2011 6 
27.223 0.162 29.633 1.23 0.302 8/21/2011 1 
28.46 0.098 29 1.32 0.196 8/21/2011 2 
28.327 0.156 29.167 1.29 0.303 8/21/2011 3 
28.38 0.122 30 1.29 0.238 8/21/2011 4 
27.723 0.151 29.333 1.15 0.267 8/21/2011 5 
27.487 0.16 29.033 1.19 0.291 8/21/2011 6 
25.513 0.074 27.333 1.23 0.139 8/27/2011 1 
24.933 0.04 26.667 1.32 0.08 8/27/2011 2 
25.477 0.066 26.9 1.29 0.129 8/27/2011 3 
25.367 0.065 26.667 1.29 0.126 8/27/2011 4 
25.72 0.086 27.333 1.15 0.153 8/27/2011 5 
25.377 0.082 26.333 1.19 0.149 8/27/2011 6 
22.407 0.026 23.767 1.23 0.048 9/5/2011 1 
22.317 0.036 23.567 1.32 0.072 9/5/2011 2 
22.76 0.016 26.133 1.29 0.03 9/5/2011 3 
23.81 0.027 27.267 1.29 0.053 9/5/2011 4 
23.563 0.027 26.867 1.15 0.048 9/5/2011 5 
22.977 0.023 24.6 1.19 0.042 9/5/2011 6 
21.2 0.01 28 1.23 0.019 9/11/2011 1 
21.803 0.037 30.767 1.32 0.074 9/11/2011 2 
22.647 0.011 30.567 1.29 0.021 9/11/2011 3 
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23.933 0.026 33.333 1.29 0.051 9/11/2011 4 
21.103 0.043 28.033 1.15 0.075 9/11/2011 5 
20.583 0.017 27.6 1.19 0.03 9/11/2011 6 
18.897 0.276 18.767 1.23 0.516 9/25/2011 1 
18.737 0.288 18.433 1.32 0.574 9/25/2011 2 
18.487 0.311 19.533 1.29 0.606 9/25/2011 3 
18.813 0.281 19.3 1.29 0.547 9/25/2011 4 
18.473 0.34 18.533 1.15 0.601 9/25/2011 5 
18.377 0.244 18.333 1.19 0.443 9/25/2011 6 
17.557 0.196 18.333 1.23 0.366 10/2/2011 1 
17.16 0.2 18.267 1.32 0.399 10/2/2011 2 
16.943 0.19 18.1 1.29 0.371 10/2/2011 3 
17.393 0.19 19.467 1.29 0.37 10/2/2011 4 
16.32 0.255 17.467 1.15 0.451 10/2/2011 5 
18.013 0.173 20.467 1.19 0.314 10/2/2011 6 
19.857 0.115 23.7 1.23 0.214 10/9/2011 1 
19.473 0.073 22.533 1.32 0.145 10/9/2011 2 
18.907 0.11 22.333 1.29 0.215 10/9/2011 3 
18.913 0.089 22.367 1.29 0.173 10/9/2011 4 
19.09 0.088 22.533 1.15 0.156 10/9/2011 5 
19.017 0.132 22.867 1.19 0.24 10/9/2011 6 
17.497 0.162 20.167 1.23 0.302 10/17/2011 1 
18.08 0.189 20.767 1.32 0.376 10/17/2011 2 
17.84 0.179 21.533 1.29 0.349 10/17/2011 3 
18.02 0.185 20.3 1.29 0.36 10/17/2011 4 
17.603 0.229 20.2 1.15 0.405 10/17/2011 5 
17.247 0.199 21.2 1.19 0.361 10/17/2011 6 
13.733 0.237 18.2 1.23 0.443 10/23/2011 1 
13.617 0.222 17.733 1.32 0.442 10/23/2011 2 
13.63 0.24 17.9 1.29 0.467 10/23/2011 3 
14.647 0.23 18.833 1.29 0.449 10/23/2011 4 
14.147 0.238 17.167 1.15 0.42 10/23/2011 5 
13.853 0.269 17.7 1.19 0.488 10/23/2011 6 
13.39 0.249 13.4 1.23 0.464 10/30/2011 1 
12.71 0.212 11.9 1.32 0.422 10/30/2011 2 
12.913 0.242 12.3 1.29 0.472 10/30/2011 3 
13.043 0.232 12.9 1.29 0.453 10/30/2011 4 
13.05 0.274 12.933 1.15 0.483 10/30/2011 5 
13.347 0.253 13.867 1.19 0.46 10/30/2011 6 
14.153 0.309 16.467 1.23 0.577 11/13/2011 1 
13.953 0.252 15.333 1.32 0.501 11/13/2011 2 
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14.32 0.309 15.667 1.29 0.603 11/13/2011 3 
14.357 0.286 15.633 1.29 0.557 11/13/2011 4 
14.33 0.315 16.3 1.15 0.557 11/13/2011 5 
14.27 0.284 16.8 1.19 0.515 11/13/2011 6 
9.643 0.332 7.067 1.23 0.62 11/27/2011 1 
9.32 0.272 7.3 1.32 0.541 11/27/2011 2 
9.57 0.343 7.433 1.29 0.668 11/27/2011 3 
9.69 0.333 6.967 1.29 0.649 11/27/2011 4 
9.227 0.354 7.2 1.15 0.625 11/27/2011 5 
9.973 0.349 7.833 1.19 0.633 11/27/2011 6 
6.72 0.352 8.033 1.23 0.658 12/18/2011 1 
6.16 0.337 7.033 1.32 0.671 12/18/2011 2 
5.85 0.358 7.2 1.29 0.698 12/18/2011 3 
6.62 0.35 8.667 1.29 0.683 12/18/2011 4 
6.827 0.361 8.433 1.15 0.638 12/18/2011 5 
6.837 0.363 7.867 1.19 0.659 12/18/2011 6 
6.9 0.294 10.233 1.23 0.549 12/31/2011 1 
6.893 0.267 10.033 1.32 0.533 12/31/2011 2 
6.64 0.315 9.633 1.29 0.614 12/31/2011 3 
6.333 0.321 9.867 1.29 0.626 12/31/2011 4 
6.457 0.329 9.1 1.15 0.581 12/31/2011 5 
6.653 0.321 9.3 1.19 0.583 12/31/2011 6 
3.427 0.306 5.733 1.23 0.57 1/15/2012 1 
4.27 0.292 7.833 1.32 0.582 1/15/2012 2 
3.787 0.325 7.1 1.29 0.633 1/15/2012 3 
3.613 0.315 7.367 1.29 0.614 1/15/2012 4 
3.72 0.327 5.467 1.15 0.577 1/15/2012 5 
3.8 0.302 6.433 1.19 0.549 1/15/2012 6 
5.203 0.321 9.133 1.23 0.599 1/29/2012 1 
5.113 0.306 8.033 1.32 0.61 1/29/2012 2 
4.74 0.326 7.167 1.29 0.636 1/29/2012 3 
4.777 0.342 8.933 1.29 0.666 1/29/2012 4 
4.567 0.357 7.7 1.15 0.631 1/29/2012 5 
4.763 0.331 6.9 1.19 0.6 1/29/2012 6 
14.513 0.335 15.7 1.23 0.626 3/25/2012 1 
14.137 0.295 15.933 1.32 0.588 3/25/2012 2 
14.007 0.363 14.8 1.29 0.707 3/25/2012 3 
13.713 0.353 16.033 1.29 0.688 3/25/2012 4 
14.787 0.375 15.233 1.15 0.662 3/25/2012 5 
14.133 0.356 14.7 1.19 0.647 3/25/2012 6 
19.083 0.243 21.833 1.23 0.453 4/1/2012 1 
338 
 
18.297 0.257 21.9 1.32 0.513 4/1/2012 2 
19.163 0.273 20.633 1.29 0.532 4/1/2012 3 
19.247 0.267 20.833 1.29 0.521 4/1/2012 4 
19.62 0.308 21 1.15 0.544 4/1/2012 5 
18.59 0.278 20.8 1.19 0.505 4/1/2012 6 
16.45 0.287 18 1.23 0.535 4/8/2012 1 
16.317 0.25 19.433 1.32 0.497 4/8/2012 2 
16.103 0.215 17.167 1.29 0.42 4/8/2012 3 
16.297 0.257 17.167 1.29 0.501 4/8/2012 4 
16.357 0.318 17.533 1.15 0.562 4/8/2012 5 
15.987 0.278 17.067 1.19 0.505 4/8/2012 6 
18 0.143 18.667 1.23 0.266 4/15/2012 1 
17.77 0.152 18.767 1.32 0.303 4/15/2012 2 
18.07 0.146 18.567 1.29 0.284 4/15/2012 3 
17.847 0.154 18.433 1.29 0.3 4/15/2012 4 
18.02 0.223 18.733 1.15 0.395 4/15/2012 5 
17.583 0.18 18.233 1.19 0.326 4/15/2012 6 
12.353 0.225 16.567 1.23 0.421 4/21/2012 1 
13.197 0.211 18 1.32 0.42 4/21/2012 2 
12.503 0.218 16.1 1.29 0.425 4/21/2012 3 
12.4 0.227 17.2 1.29 0.442 4/21/2012 4 
12.133 0.284 14.933 1.15 0.502 4/21/2012 5 
11.793 0.252 15.1 1.19 0.457 4/21/2012 6 
19 0.097 22.8 1.23 0.18 4/28/2012 1 
19.397 0.089 23.533 1.32 0.178 4/28/2012 2 
19.15 0.113 22.5 1.29 0.22 4/28/2012 3 
19.243 0.09 22.567 1.29 0.175 4/28/2012 4 
19.717 0.143 23.133 1.15 0.253 4/28/2012 5 
18.917 0.121 23.167 1.19 0.22 4/28/2012 6 
21.873 0.153 25.333 1.23 0.286 5/5/2012 1 
22.96 0.139 25.833 1.32 0.278 5/5/2012 2 
22.26 0.174 24.6 1.29 0.339 5/5/2012 3 
22.227 0.157 25.267 1.29 0.305 5/5/2012 4 
23.123 0.197 24.633 1.15 0.347 5/5/2012 5 
22.767 0.166 25.533 1.19 0.302 5/5/2012 6 
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Appendix 4-2.  Example SAS program for Pearson’s correlation analysis.  
 
options mprint; 
  
title 'Soil CO2 Flux -- Richard McMullen --'; 
title2 '3 Year Data Set'; 
  
data Gases; 
  infile 'G:\McMullen\CO2 Flux\SAS\3yrFlux.csv' firstobs=2 DLM=',' truncover LRECL = 600 
 DSD; 
  input DayspostBL DPostBLNeg Studyyear Year Date $ DOY Block BL $ BLcont in Plot Flux 
 C2avg T10 VWC T2 BD WFPS; 
  
  label BL = 'Broiler Litter'; 
run; 
  
proc sort data=Gases; by year date block; 
run; 
quit; 
  
title3 'INITIAL DATA LISTING'; 
proc print data=Gases noobs; by year date block; 
  id year block; 
  var DayspostBL DPostBLNeg Studyyear Year DOY Block BLcontin Plot Flux C2avg T10 
 VWC T2 BD WFPS; 
run cancel; 
quit; 
  
title3 'Correlations'; 
title4 "---------- All ----------"; 
 
 ods graphics on; 
proc corr data=Gases plots=matrix(histogram); 
var DayspostBL DPostBLNeg Studyyear Year DOY Block BLcontin Plot Flux T10 VWC T2 
BD WFPS; 
run ; 
ods graphics off;  
run; 
quit; 
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Appendix 4-3.  Example SAS program for analysis of variance and related data.  
 
 
options mprint; 
  
title '3yr Cumulative CO2-C Losses -- Richard McMullen --'; 
title2 'Losses kgCO2-C per ha'; 
  
data Losses; 
  infile 'G:\McMullen\CO2 Flux\Anual Mass Loss\SAS\3yrCumMassLoss.csv' firstobs=2 
 DLM=',' truncover LRECL = 600 DSD; 
  input Block BL $ Blcont Plot Loss; 
  
  label BL = 'Broiler Litter'; 
  /* Units of Loss are kgCO2-C per ha  */ 
 
run; 
  
proc sort data=Losses; by BL block ; 
run; 
quit; 
  
title3 'INITIAL DATA LISTING'; 
proc print data=Losses noobs; by BL block ; 
  id BL; 
  var Block Loss ; 
run ; 
quit; 
  
title3 'ANOVA 3yr cum mass lost'; 
title4 "----------  ----------"; 
 * ods rtf file='G:\McMullen\CO2 Flux\SAS\rtffiles\3yrFlux.rtf'  bodytitle style=journal; 
proc mixed data=Losses method=type3 ; 
  class block BL ; 
  model Loss = BL / ddfm=kr ;         
  random Block ; 
  lsmeans BL; 
   
run ; 
 * ods rtf close; 
quit; 
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Block Treatment Plot# 
3yrTotalCum 
kgCO2-C/ha 
1 Low 1 65849.8 
2 High 2 73233.8 
2 Low 3 68208.2 
2 Control 4 59411.1 
1 Control 5 55610.6 
1 High 6 77877.2 
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Summary and Conclusions 
Based on eight years of continuous monitoring of nutrient and metal losses in runoff and 
drainage waters from BL-amended pastureland with a history of organic amendments and under 
naturally occurring precipitation, annual flow-weighted-mean (FWM) runoff Fe and annual 
FWM leachate Na and Fe concentrations were the only water quality parameters affected by 
litter application rate.  However, results indicated that pasturelands with a history of litter 
application may continue to release BL-derived metals, such as As and Se, at concentrations 
harmful to health regardless of the current management practice long after litter application had 
ceased.   
Correlation coefficients among annual precipitation, runoff, and runoff loads were all 
positive.  Additionally, all annual runoff nutrient and metal loads increased over the 8-yr period 
and were highly influenced by one large rainfall event that occurred during the last year of the 
study.  Mean annual runoff and annual FWM concentrations of Ca, Cd, Cu, Na, and Se increased 
during the 8-yr period.  Mean annual runoff pH, EC, and FWM concentrations of NO3-N, NH4-
N, PO4-P, DOC, Cr, K, Mg, Mn, Ni, P, and Zn were unchanged during the 8-yr period.  
Additionally, annual runoff FWM As concentration was the only nutrient or metal monitored that 
increased during the 8-yr study. 
Correlation coefficients between annual drainage and annual FWM leachate 
concentrations were mostly negative and, in conjunction with the positive correlations between 
annual drainage and annual leachate loads, suggested a leachate dilution effect similar to those 
observed in previous runoff studies.  Mean annual drainage and leachate pH and EC were 
unchanged during the 8-yr period.  Mean annual FWM concentrations and loads of NH4-N, As, 
Mn, and Ni decreased and mean annual FWM concentrations and loads of Cu and Se increased 
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during the eight years.  In contrast, mean annual FWM concentrations and loads of NO3-N, PO4-
P, Cd, Cr, K, P, Zn, and DOC remained constant over the same time period.  
This study also demonstrated that BL application rate affected soil respiration, which 
varied by sample date and among years and was significantly correlated with environmental 
factors.  Litter application increased respiration relative to the unamended control immediately 
after application in all three study years.  Of the 100 sample dates during the study, BL treatment 
effects were observed on 27 dates, of which 18 dates occurred within 84 days-post BL 
application.  Litter application also increased respiration relative to the unamended control whe n 
rainfall events occurred after dry periods, and suggested that the slow phase of BL 
decomposition may be stimulated by rainfall.  The relationship relating BL application rate to 
annual CO2-C emissions predicted that an unamended pasture soil with a history of organic 
amendments will release 19.2 Mg CO2-C ha
-1 yr-1 and that for every 1 Mg of BL ha-1 applied 
annually will increase this baseline emission estimate by 0.5 Mg CO2-C ha
-1. 
Regression also indicated that soil respiration could be predicted using near-surface soil 
temperature (T2cm) and the product of T2cm and soil volumetric water content (VWC) as 
predictors with moderate strength (R2 = 0.52) in the relationship.  When the model was applied 
to BL treatment data sets separately, coefficient estimates for the y- intercept and T2cm were 
within the 95 % confidence interval (CI) of the all-treatments model.  However, the coefficient 
estimate for the product of T2cm and VWC fell outside the 95 % CI of that for the all-treatments 
model suggesting that long-term applications of BL may influence the interaction between near-
surface soil temperature and VWC as it relates to respiration. 
 Runoff and drainage water quality trends and harmful concentration limits for some BL-
derived nutrients and metals required time periods greater than three years to identify or exceed, 
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respectively.  These results emphasized the importance of long-term observational studies 
especially with regards to trace metals.  Additionally, annual amendments of BL s timulated CO2 
release from the soil and could potentially increase atmospheric CO2 concentrations which would 
promote radiative forcing in the atmosphere. 
Future research should focus on seasonal patterns as well as individual runoff and 
leaching events.  Important insights regarding BL application rate and time effects could be 
identified if time (i.e., expressed as the amount of time between BL application and time of 
precipitation), precipitation amounts, and runoff or drainage amounts were treated as covariates, 
while replication was allowed to occur across study years.  The data set generated during this 
study would allow these analyses.  Additionally, the BL-induced CO2 release from the soil to the 
atmosphere observed in the current study could potentially be offset by increased CO2 uptake 
associated with BL-induced increases in dry matter production.  A mass balance for C would 
address this hypothesis.  Similarly, a mass balance of all nutrients and metals should be 
performed after forage dry matter analyses are complete. 
 
